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Abstract 

The interactions of Bromophenol Blue (BPB) with bovine serum albumin and It-globulin in acidic solutions were 
investigated by a spectrophotometric method. It was considered that the electrostatic force is the main binding force, 
and that the color change during the combination is due to the transformation of dye species of free acidic form into 
bound basic form as well as to the bathochromic and hyperchromic effects of conjugation. The formation of an 
isosbestic point in the absorption spectra was explained based on a new consideration about the solution equilibria. 
Two conditional constants. apparent binding constant and maximum binding number, were defined to express the 
binding ability of a dye to a certain protein under a given set of conditions, and two linear regression equations were 
derived to determine these two parameters and the molar absorptivity of bound dye. The Scatchard model is not 
appropriate in the treatment of data obtained here. The factors which influence the sensitivity of a dye binding protein 
assay were discussed, and the Sandell index was used to express the sensitivity of protein detection. It was found that 
sodium chloride concentration and acidity of the solutions have significant effect on the sensitivity of BPB protein 
assay. 

Keywords: Bromophenol Blue; Bovine serum albumin: Y-Globulin; Acidic solutions 

1. Introduction 

Dye binding protein assays are commonly used 
in biochemical and clinical laboratories, but they 
are not well understood at the molecular level. A 
further theoretical study on this kind of reaction 
should be benficial not only with regard to the 

* Corresponding author. 

quantitation of proteins but also to a deep under- 
standing of the interaction between proteins and 
small ions or molecules. 

Scatchard et al. [I] treated the reaction of small 
ions with albumin as a true combination of the 
ligand with specific sites on the macromolecule. 
Since then, this model has been widely used to 
describe this kind of reaction. However, Pe- 
savento and Profumo [2] reported that the 
Scatchard model was not appropriate for the 
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treatment of data obtained in the study of the 
combination of T-azo-R with bovine serum albu- 
min (BSA) in acidic solutions. They considered 
that there were no evident specific combination 
sites on the BSA molecule, and proposed a two- 
phase distribution model to interpret their experi- 
mental findings. Congdon et al. [3] recently 
employed a modified Scathard equation and Hill 
equation to study the high-affinity dye binding 
sites of the interaction between Coomassie Bril- 
liant Blue and proteins at high protein/dye con- 
centration ratios, but they failed in their attempt 
to use these equations to estimate the total num- 
ber of dye binding sites under normal conditions. 
Therefore, the question of whether the Scatchard 
model is suitable for the description of dye bind- 
ing reactions still remains unanswered. 

In this paper, a new attempt is made to inter- 
pret the interaction of Bromophenol Blue (BPB) 
with proteins [4,5]. BPB has been used as a stain- 
ing reagent in the determination of urinary 
proteins [6,7], yet no theoretical study on its stain- 
ing reaction has been found in the literature. It 
will be shown that the BPB-protein binding reac- 
tion can be successfully treated by using a new 
method proposed in this paper, and that the 
Scatchard plot obtained here is completely differ- 
ent from that expected. 

2 Experimental 

2.1. Reugen ts 

BSA 99% was obtained from Sigma and 
used without further purification. All calcula- 
tions reported by BSA are in terms of a molecular 
weight of 65 000. The aqueous BSA solution 
(2.0 x lop5 mol I- ‘) was prepared by dissolving 
0.262 g BSA reagent in 200 ml deionized water. 
Y-Globulin Human (;t-G) was obtained from 
Serva (Germany). Calculations reported for 7-G 
are in terms of a molecular weight of 160 000. The 
aqueous ;r-G solution (6.25 x 10ph mol 1-l) was 
prepared by solving 0.100 g 7-G reagent in 100 ml 
deionized water. BPB was purchased from BDH 
and purified by recrystallization from boiling 
glacial acetic acid [8]. The BPB stock solution 

(1.5 x lop3 mol 1-l) was prepared by dissolving 
0.100 g purified dye in 20 ml 95% ethanol, and 
then diluting it to 100 ml with water. The operat- 
ing solution of BPB was prepared by diluting the 
stock solution with water. BrittonRobinson 
buffer was prepared by adding a given amount of 
0.2 mol l- ’ NaOH to 100 ml of mixed-acid solu- 
tion containing phosphoric acid, acetic acid, and 
boric acid each with a concentration of 
0.04 mol I-‘. All other reagents were of analytical 
or guaranteed reagent grade. 

2.2. Appwatus 

A Shimadzu Model UV-26.5 double-beam spec- 
trophotometer was used for recording absorption 
spectra, and a Shimadzu UV-120-02 spectropho- 
tometer for the measurement of absorbance at a 
given wavelength. A Model 821 pH/mV meter 
(Zhongshan University, China) was used for the 
pH measurements. 

2.3. Method 

Aliquots of 5% NaCl solution, pH buffer or 
HCl solution. and BPB operating solution were 
transferred into a series of 25 ml volumetric 
flasks, and then protein solution was added 
to each flask in different amounts. The mixtures 
were diluted to the mark with water and mixed 
thoroughly. After 20 min [4-71, spectra or ab- 
sorbances of these solutions were measured with 
reference to water. 

3. Results and discussion 

3.1. Absorption spectru und binding mechanism 

Fig. 1 shows the absorption spectrum of BPB. 
It was obtained by keeping the BPB concentration 
constant and changing the pH of the solutions. In 
Fig. 1, two absorption peaks appear at 435 nm 
and 591 nm. A well-defined isosbestic point is 
observed at 494 nm. This spectral feature corre- 
sponds to the proton dissociation of BPB: 



Y.-l. We/ et ol. T~iltrr~ttr 43 (1996) I IV 3 

Br Er Br Br 

Br 
- 

and its dissociation constant is pK, = 3.85. 
For simplicity, the above equation can be writ- 

ten as 

HL- 7 - L’- + H’ (1) 

Fig. 2 shows the absorption spectra of BPB- 
BSA mixtures. They were obtained by keeping the 
BPB concentration and pH constant and increas- 
ing the BSA concentration. With the increase in 
BSA concentration, the absorption peak at 
591 nm increases strikingly and shifts to 604 nm, 
while the absorption peak at 435 nm decreases 
and shifts to 440 nm. An isosbestic point is 
formed at 502 nm. Fig. 2 indicates that there are 
interactions between BPB and BSA. 

In view of the molecular structure of BPB and 
BSA, it is not possible to reach a conclusion that 
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Wavelength (nm) 
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Fig. I. BPB absorption spectra at various pH values. BPB 

concentration constant at 3.01 x IO-” mol I-‘. In order of 

increasing peak absorbances at 591 nm. pH values are 2.67. 

2.98, 3.12. 3.28, 3.56 and 3.12. 

Br 
+ H+ 

BPB combines preferentially with a particular 
group on BSA to form a complex. Compton and 
Jones [9] suggested that the binding of Coomassie 
Brilliant Blue G-250 on protein is a result of Van 
der Waals forces and hydrophobic interactions. 
This mechanism is not convincing in this study, 
because the hydrophobic groups on the BPB 
molecule were not predominant compared with 
the hydrophilic groups, although the Van der 
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Fig. 2. Absorption spectra of BPB -BSA mixtures. BPB con- 

centration constant at I.2 x IO-‘mol I ‘, pH 3.28, 0.5% 

NaCI. In order of increasmg peak absorbances at 600 nm. 

BSA concentrations are 0.0. 4.0 x IO-‘. 8.0 x IO-‘, 1.2 x 

IO-“. 1.6 x IO-~“, 2.4 x IO-“. 3.2 x IO-“, 4.0 x IO- (‘, 5.2 x 

IO-“. 6.4 x IO.-“. 8.0 x lOmh. I.2 x IO-’ and 1.36 x IO-’ 

mol I - ’ 



Waals forces and hydrophobic interactions may 
play a part in the binding process. A reasonable 
explanation of these molecular events is that BPB 
interacts with BSA by non-specific, electrostatic 
forces [2,4,5,10]. Under the conditions of Fig. 2, 
the pH (3.28) is lower than the isoelectric point of 
BSA (pZ= 4.8). Lysine, arginine and other amino 
acid residues on the BSA molecular chain are in 
the protonated form and therefore the whole BSA 
molecules are positively charged. However, the 
BPB species, HL- and L2-, have negative charge. 
Therefore, BSA and BPB species should be bound 
together by electrostatic forces: 

L2-- + p+ - L’ (2) 

HL- +P -;--‘HL’ (3) 

where P+ represents the non-specific binding sites 
on protein, and the primed symbols, L’ and HL’, 
refer to bound L’~- and HL- respectively. Since 
L”- has more negative charges than HL-, it takes 
priority in binding to protein. As the free L’ 
species is used up in the binding process, equi- 
librium (1) shifts to the right to restore the con- 
centration of L2-, thereby resulting in an increase 
of absorbance in the vicinity of 600 nm. However, 
as BSA is in the positively charged state, the 
bound HL- should more easily lose H+ than free 
HL-: 

HL’ - --.--L’+H+ (4) 

This reaction also results in an increase of ab- 
sorbance in the vicinity of 600 nm. 

Considering all the four possible reactions in 
the binding process, the overall solution equilibria 
may be expressed as 

HL- 7 - L’- + H’ 

p+ I p+ It (5) 
HL’ e L’+H+ 

There are two paths to carry the binding pro- 
cess through according to this equilibria model: 
either the free HL- first dissociates its H+ and 
then binds to BSA; or else it first binds to BSA 
and then dissociates H+. Both paths have the 
same final state and therefore the same free energy 
change, so both paths have no difference in terms 

of thermodynamics. Adding Eq. (1) to Eq. (2) or 
adding Eq. (3) to Eq. (4) gives the same total 
reaction equation 

HL- +P+eL’+H’ (6) 

An increase in BSA concentration will shift equi- 
librium (6) from the left to the right, causing 
spectral changes as can be seen in Fig. 2. 

The red shift and hyperchromic effect observed 
in Fig. 2 can be explained by the conjugation 
theory [3]. Binding of dye to lysine and arginine 
side-chains may allow donation of electrons 
by an auxochromic amino or guanidino group to 
the 7c electron system, thereby increasing the de- 
gree of conjugation and lowering the energy of a 
rr* state of the dye. Such electron donation pro- 
vides an explanation for the hyperchromicity, 
while the lower-energy excited state explains the 
bathochromicity. 

3.2. Explunution of the form&ion of‘ the 
isosbestic point 

The formation of an isosbestic point in Fig. 1 is 
due to the transformation of two BPB color spe- 
cies from one into another [ll]. In the conditions 
of Fig. 2, however, there are four color species in 
solution according to the equilibrium model (5). 
The existing theory [I l] cannot give an explana- 
tion in this case. In the following discussion, an 
attempt will be made to give an interpretation for 
the formation of the isosbestic point in Fig. 2. 
This discussion will also lead to a new method for 
the treatment of dye binding reactions. 

Define {LJ as the total concentration of free 
BPB, (L’J as the total concentration of bound 
BPB, and cr as the analytical concentration of 
BPB, that is (omitting electrical charges): 

{LJ = P-W + Fl (7) 

{L’} = [HL’] + [L’] (8) 

(‘L = {L} + CL’} (9) 

The absorbance of the dye-protein mixtures is 
(with a 1 cm cell) 

A = &HL] + E~[L] + &nr.[HL’] + &r’[L’] (10) 
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where cHL, Ed, Ebb. and Ed. are molar absorptivities 
of HL, L, HL’, and L’ respectively. Define distri- 
bution coefficients as 

dHL = [HL]/{ L} (11) 

6, = u4iW~ (12) 

a,,. = [HL’]/{ L’) (13) 

s,. = [L’]/{ L’) (14) 

Substitution of Eq. (7) into Eq. (11) gives: 

6 H,s = WWW + M 
= [HL]/([HL] + /L,[HL]:‘[H]) = [H]/([H] + k,) 

(15) 

Similar substitution leads to 

6, = k,/([H] + k,) (16) 

6 HL’ = [WiUHl + k:, 1 (17) 

d,, = k:,/([H] + k;) (18) 

where k, and k: are the dissocation constants of 
HL and HL’: 

ka = IWMWLl (19) 

k& = [H][L’]/[HL’] Gw 

ki is an unknown constant. Note that distribution 
coefficients are merely the functions of pH and are 
independent of BSA concentration. 

Substituting Eqs. (1 l- 14) into Eq. (10) yields 

A = (c~~~~~+c~~‘~){L)+(F~,..C)‘~~. + E~.&.){L’~ 

Let 

(21) 

c= EHL&f ELdL (22) 

E’ = E&,,. + EL.& (23) 

where i: and E’ are the mean molar absorptivities 
of free and bound dye (mall’ 1 cm -‘) respec- 
tively. They are constants when pH and measur- 
ing wavelength are given. So Eq. (21) may be 
simplified as 

A=&{L] +r-:‘{L’{ =EC~+(C’--)fL’} (24) 

If G’ = c at a certain wavelength (502 nm in Fig. 
2) Eq. (24) becomes A = ECU, which is a constant, 

unchanging with increase of BSA concentration, 
and so the isosbestic point appears. 

3.3. A new method for the treatment of the dye 
binding reuction 

Apparent binding constant 
According to Eq. (6), the equilibrium constant 

of the total binding reaction should be 

K = [L’][H]/[HL][P] (25) 

where [P] represents the concentration of unoccu- 
pied binding sites on protein 

[P] = NC, - (L’} = (N - C)c, (26) 

where cp is the anlaytical concentration of 
protein, N the total number of binding sites per 
protein molecule (it is an unknown constant, since 
there are 60 lysines, 26 arginines, and other aro- 
matic amino acids on BSA molecule, the total 
number of binding sites on BSA should be more 
than 86) [12], fi the average binding number of die 
molecules per protein molecule (see Eq. (36)). If fi 
can be omitted when compared with N (see Table 
l), then Eq. (26) may be written approximately as 

[P] = NC, (27) 

This approximation leads to an easy mathematical 
treatment, and it holds under normal conditions. 

From Eqs. (ll-14), we have [HL]=d,,{L), 
and [L’] = 6,, { L’}. Substituting these two equa- 
tions and Eq. (27) into Eq. (25) gives 

K= 6L.{L’}[H]/SHLJL}N~P (28) 

If [H] (or pH) has been given (as in Fig. 2), then 
d,,, 6,,, and N have fixed values. Thus, we can 
define a new constant: 

KC = NK&,,/&,[H] = {L’):‘{ L}c, (29) 

KC is a conditional constant. It is a measure of the 
dye binding ability of a protein under certain 
conditions. Similar to the apparent stability con- 
stant used in the treatment of complexation equi- 
libria, we call KC the apparent binding constant. 

Theoretically, KC is a constant when experimen- 
tal conditions are given; it has been proved by 
experiment that KC is indeed a constant under 
certain conditions (see Table 1). 
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Table I 
Data used for linear regressions. cP - AA data were obtained from Fig. 2. c’ L = 1.2 x IO-‘mol I-‘. pH = 3.28, 0.5% NaCI, 
AA,,, = 0.804 at 605 nm 

cp (mol I-‘) AA AA/c, Ii tic,, ri/{LJ log Kc 

0.4 x IO-” 0.144 3.60 x IO’ 5.38 2.15 x IO-” 5.46 x 1Oi 5.737 
0.8 x IO-” 0.254 3.18 x I05 4.75 3.80 x lo-6 5.79 x 105 5.763 
1.2 x 10-h 0.322 2.68 x 10’ 4.0 I 4.81 x 10m6 5.58 x IO5 5.747 
1.6 x 10mh 0.378 2.36 x 10’ 3.53 5.65 x lOmh 5.56 x IO’ 5.745 
2.4 x 10m6 0.456 1.90 x 105 2.84 6.82 x 10m6 5.48 x IO’ 5.739 
3.2 x IOmh 0.520 1.63 x 10’ 2.43 7.77 x 10mh 5.74 x IO5 5.759 
4.0 x 10m6 0.556 1.39 x I05 2.08 8.31 x IO-” 5.64 x IO5 5.751 
5.2 x lO-6 0.598 1.15 x 105 1.72 8.94 x 10m6 5.62 x 10’ 5.750 
6.4 x lO-6 0.628 9.81 x IO“ I .47 9.39 x IO--” 5.63 x 10’ 5.751 
8.0 x 10-h 0.654 8.18 x 104 1.22 9.78 x IOmh 5.50 x lo5 5.740 

Determination of upparent binding constunt 
A method for the determination of the appar- 

ent binding constant KC may be developed from 
Eq. (24). Rearranging Eq. (24) yields 

{L’} = (A - &cJ(&’ - E) (30) 

where A is the absorbance of dye-protein mix- 
tures, and &cL the absorbance of a zero-protein 
solution. Both A and ECU can be measured. Let 

AA = A - &cL 

A&=E’-c 

then Eq. (30) may be simplified as 

(31) 

(32) 

(L’) = AA/de (33) 

If E’ and t’ are determined previously from the 
absorbance of solutions with an excess of BSA 
and without BSA, then AE is a known quantity. 
Therefore {L’} can be calculated according to Eq. 
(33). Furthermore, since (L} = cL - {L’}, KC may 
be calculated directly by using Eq. (29). 

The above method for the determination of KC 
is simple in principle but inconvenient in use, 
because the values of E’ and E have to be deter- 
mined in advance. For this reason the following 
linear regression method was developed. 

Substituting Eq. (33) and Eq. (9) into Eq. (29) 
gives 

KC = (AA/AF)/[(c~ - AA/Az)cp] 

Rearranging this equation yields 

AA = AEC~ - Kc ‘AA/c, (34) 

where KC is a constant, and A&cc, has a fixed value. 
In fact, A&c, is the maximum value of AA, which 
can be measured directly at high protein/dye con- 
centration ratios. Therefore, we write 

AA,,, = AzL (35) 

There is a linear relationship between AA and 
AA/c, according to Eq. (34). From the slope 
(-Kc-‘) and intercept (AEc,J of the regression 
line, Kc and AE (and then t.‘) can be calculated. 

Binding number und maximum binding number 
Define the (average) binding number of dye 

molecules per protein molecule as 

n = {L’}/c, (36) 

Substituting Eq. (33) into Eq. (36) yields 

Ii = AA/AEc~ (37) 

Since AC has been determined, ti can be calculated 
by using Eq. (37). 

Multiplying Eq. (34) by K,/AE, we get 

K,AA(Ae= KCcL - AA/AX, 

Substituting Eq. (37) into this equation and rear- 
ranging gives 

ii = KCcL - K&Y, (38) 

Since KC is a constant and cL is a fixed value, a 
plot of fi vs. tic, should give a straight line with 
slope -KC and intercept KCcL. 
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Table 2 
Etfect of NaCl concentration on binding of BPB on BSA. pH = 3.1, cL = 1.2 x 10V5mol I-‘, at 605 nm 

NaCl (‘%a) log K, 12 c (x IO’) c’( x 104) s R 

0 6.18 18.0 4.45 7.01 0.054 - 0.997 
0.04 6.10 14.8 5.13 6.90 0.069 - 0.997 
0.10 6.01 12.1 5.63 6.69 0.088 -0.996 
0.20 5.94 10.3 6.13 6.45 0.1 I -0.997 
0.50 5.80 7.5 1.22 6.44 0.15 -0.993 
1.00 5.67 5.5 7.82 6.33 0.21 -0.996 
2.00 5.49 3.7 x.74 6.57 0.31 -0.996 

Note that the physical meaning of the intercept 
KCcL on the fi axis is the maximum value of fi 
under the experimental conditions. Therefore we 
call this extrapolated value the maximum binding 
number n: 

n = KCcL (39) 

The maximum binding number n is also a condi- 
tional constant. As will be seen later on, it is a 
useful parameter for expressing the dye binding 
ability of a protein under certain conditions. 

Table 1 gives a group of data taken from Fig. 2. 
Using these data, a AA - AA/c, regression equa- 
tion and a fi - tic, regression equation were ob- 
tained: 

AA = 0.804 - 1.79 x 10P”AA/c, R = -0.998 

n = 6.63 - 5.57 x 10siic, R = -0.998 

From the slopes and intercepts of these two equa- 
tions, log KC = 5.75, AA,;,, = 0.804, and n = 6.63 
are obtained. 

It is shown in this example that the theory 
discussed above is coincident with the experimen- 
tal findings. 

A question which must be asked is that with 
more than 86 binding sites on the BSA molecule, 
why do so few of these sites bind to dye? This 
question may be addressed from the position that 
the dye binding is indeed a process of competition 
between the dye species and anions for the same 
binding sites on protein [I]. For controlling the 
acidity and the ion strength, buffer and salt must 
be added to the solution. The concentrations of 
the anions are usually 1000 - 10 OOO-fold higher 
than that of the dye species, so the binding sites 

are actually surrounded by anions which prevent 
the die species from binding to protein. The 
higher the concentration of the anions, the fewer 
the binding numbers (see Table 2). 

3.4. Test of Scatchurd model 

In the Scathard model, the binding equation is 
given by [3] 

ri/{L} =kN-kii (40) 

where k is the intrinsic binding constant. 
Using the data listed in Table 1, a plot of n/(L) 

vs. ti was drawn, and it was found that the plot 
does not conform to Eq. (40), because the n/(L) 
values are essentially constant. Actually, the term 
fi({L) in Eq. (40) is just the apparent binding 
constant KC defined in this paper. Therefore the 
Scatchard model is unsuitable for this study. 

3.5. Sensitivity of a dye binding protein assay 

Define the molar absorptivity of a dye-protein 
complex as 

cp = ml (41) 

According to Beer’s law, the absorbance of a 
solution of dye-protein complex may be ex- 
pressed as (with a 1 cm cell) 

A = cpcp (42) 

The absorbance of a solution containing 
protein and an excess of dye is 

A = .spcp + E(C~ - ncp) (43) 



In the practice of a proetin assay. the ab- 
sorbance of a dye-protein mixture is measured 
against the blank solution of dye, so the net 
absorbance is 

A.4 = [+cp + E(C~ - ncp)] - e:cL (44) 

Using Eq. (41), this equation may be simplified as 

It should be noted that Eq. (45) has been 
obtained before [12] from a simpler consideration 
not involving the binding of protonated forms of 
the dye to protein. It is interesting that essentially 

AA = n(d - t.)cp 

the same result is found by this more complex 

(45) 

Eq. (45) indicates the factors which influence the 

treatment. 

sensitivity of a dye binding protein assay. For 
a given amount of protein, the net absorbance 
depends on three factors: the maximum binding 
number n; the mean molar absorptivity of bound 
die t“; and the mean molar absorptivity of free 
dye F. 

The Sandell index (S, pg cm-‘) [13]. which 
represents the number of micrograms of the deter- 
minand per millilitre of a solution having an 
absorbance of 0.001 for the path length 1 cm, is a 
suitable parameter for expressing the sensitivities 
of a protein assay under different conditions and 
for comparing the variability of color develop- 
ment among proteins with different molecular 
weights. The relationship between the Sandell in- 
dex and the above three parameters is 

S = F/n(E’ - (-:) (46) 

where F is the molecular weight of the protein 
assayed. 

3.6. Injuencr of rsperitwntul conditions on c!\v 
binding reaction 

It is shown in Table 2 that an increase in salt 
concentration causes a significant decrease in 
log KC and n values, thus decreasing the sensitivity 
of the BPB protein assay. This effect may be 
explained as a competition between anions and 
dye species for the same binding sites on BSA [I J. 
Even when no salt was added to the solutions, the 
concentrations of anions coming from the addi- 

Table 3 
EtTect of pH on binding of BPB on BSA. CL = 1.2 x 
lo-‘mol I- ‘. 0.5% NaCI. at 605 nm 

PH log K, ,I i: ( x IO?) L’( x 104) s R 

2.17 5.14 6.5 0.76 1.99 0.52 -0.995 
2.49 5.79 7.3 2.02 3.60 0.26 -0.999 
2.80 5.83 8.0 4.20 4.88 0.18 -0.995 
3.10 5.80 73 7.23 6.44 0.15 -0.993 
3.28 5.15 6.7 10.6 1.75 0.15 -0.997 
3.42 5.12 6.2 14.9 8.20 0.16 -0.998 

tion of bufYer are still much higher than that of 
the dye species. This is probably the reason why 
the maximum binding numbers determined in this 
paper are no more than 18. 

The influence of acidity on BPB binding reac- 
tion is shown in Table 3. From Table 3 we know 
that in the tested pH range the change of pH has 
no great influence on log KC and n values, but has 
significant influence on E and E’ values. The 
Sandell index S has the best value at pH 3.2. 

The influence of BPB concentration on the 
binding reaction is shown in Table 4. From this 
test we know that an increase in BPB concentra- 
tion causes a decrease in log Kc but an increase in 
n values, while c and E’ remain practically con- 
stant. However, the dye concentration cannot be 
too high because of the restriction of spectral 
measurement. 

3.7. Combination brt,vern BPB und y-G 

The combination of BPB with ;I-G was investi- 
gated by using the above method. Fig. 3 shows 
the absorption spectra of BPB-y-G mixtures. Us- 
ing the spectral data measured at 610 nm, a 

Table 4 
Effect of BPB concentration on binding of BPB on BSA. 0.5’!% 
NaCI. pH = 3.1 at 605 nm 

c,. (mol I-‘) log K, 17 ~(~10’) ~‘(~10~) S R 

0.6 x 10 -’ 6.01 6.1 7.39 6.45 0.19 -0.997 
0.9 x lo-< 5.90 7.1 7.40 6.38 0.16 -0.991 
I.2 x IO m5 5.80 1.5 1.73 6.44 0.15 -0.993 
1.5 x IO m5 5.76 8.4 7.16 6.24 0.14 -0.994 
1.8 x 10m5 5.68 8.6 7.08 6.26 0.14 -0.995 
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Fig. 3. Absorption spectra of BPB- BSA mixtures. BPB con- 
centration constant at 1.2 x 10m5mol I-‘. pH 3.28, 0.5% 
NaCl. In order of increasing peak absorbances at 600 nm, BSA 
concentrations are 0.0, 4.0 x IO-‘, 8.0 x IO-‘, 1.2 x IOVh. 
1.6 x 10W6. 2.4 x 10m6, 3.2 x 10mh. 4.0 x 10 -‘, 5.2 x IO- 6, 
6.4 x lOmh. 8.0 x 10eh. 1.2 x 10 -’ and 1.36 x 10m5mol I-‘. 

AA h AA/c, linear regression equation was ob- 
tained: 

AA = 0.384 - 1.50 x 10 ‘AA/q, R = -0.993 

From the slope and intercept of this equation, 
log Kc = 5.83, AA,,, = 0.384, and n = KccL = 
11.8 were obtained. 

4. Conclusions 

The combination of BPB species with proteins 
in acidic solutions is due mainly to the non-spe- 
cific electrostatic forces. This kind of combination 
allows a transformation of BPB species from free 
acidic form into bound basic form and allows a 
donation of electrons by the protein to the n 
electron system of BPB. thereby causing batho- 
chromicity and hyperchromicity. These spectral 
effects establish the foundation of the BPB protein 
assay. 

The Scatchard model is not appropriate for this 
study. Instead a new linear regression method 
based on a new consideration about the solution 
equilibria is able to give a reasonable description 

of the dye-protein combination under different 
conditions. Both the apparent binding constant 
and the maximum binding number proposed in 
this paper depend on experimental conditions. 
Therefore they are different from the Scatchard 
intrinsic binding constant and the number of 
binding sites. 

It seems that this method is useful and conve- 
nient for the investigation of dye-binding protein 
assays, because the parameters defined in this 
paper describe the conditions of the dye-protein 
binding reaction, and these parameters can be 
determined easily. 

To use the method, the experiment should be 
carried out under proper conditions. That is to 
say, the dye/protein concentration ratios should 
not be too high or too low so that the free dye 
species and the unoccupied protein binding sites 
are substantially coexistent under experimental 
conditions. 

The intercept (AZ,) of the AA - AA/c, regres- 
sion equation and the intercept (KccL) of the 
fi b fit, regression equation have definite physical 
meaning-Ace, is the maximum net absorbance 
AA,,, and KccL is the maximum binding number 
n. These two parameters had to be determined 
under extreme dye/protein concentration ratios 
(with an excess of protein or an excess of dye) 
using the previous method. Now, they can be 
determined by using the linear regression (extrapo- 
lation) method under proper concentration ratios. 

Experimental conditions such as acidity, ion 
strength, and concentration of dye have different 
effects on the maximum binding number and the 
molar absorptivities of free and bound dye, thereby 
influencing the sensitivity of a protein assay. 
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Abstract 

The potentiometric determination of the protonation constant of 2-chlorophenol in NaCl media at different ionic 
strengths and its distribution coefficient between these media and two organic solvents at 25°C are presented. An 
automated potentiometric system was used, and the determination of the constants was carried out using both 
graphical and numerical methods. A thermodynamic model using the modified Bromley methodology has been 
constructed for the prediction of protonation constants and distribution coefficients in NaCl media. The relevance of 
this study to the development of supported liquid membrane recovery systems is discussed. 

Keywords: Protonation equilibria; Distribution equilibria; Potentiometry: Thermodynamic model; 2-Chlorophenol 

1. Introduction 

2-Chlorophenol is a priority pollutant phenol 
and, like many other phenols, may be found in the 
wastewaters of some manufacturing industries, 
such as coke production, paper and pulp process- 
ing, oil refining, coal gas liquefaction, etc. Some of 
the consequences of the uncontrolled disposal of 
this kind of compound are toxicity to water-life, 
increase in chemical and biological oxygen de- 
mand, and bad taste and smell in water [l-4]. 

As the toxicity of chlorophenols is high they 
are used as disinfectants; however, some of them 

* Corresponding author 

are suspected of being carcinogenic, and a con- 
centration of phenols of higher than 2 mg drn-’ 
is dangerous to water-life. For the reasons, 
chlorophenols containing wastewaters have to be 
controlled [4]. By improving analytical methods, 
these pollutants have been detected and reported in 
industrial and city wastes. 

There are several methods for treating phenolic 
wastes and their choice depends on the concentra- 
tion levels of the phenols. For high concentrations, 
recovery and reuse or disposal by incineration is 
possible. Intermediate concentrations can be 
treated biologically or by adsorption onto active 
surfaces. In more diluted wastes chemical oxida- 
tion can be used. Apart from these methods, 

0039-9140/96i$l5.00 c 1996 Elsevier Science B.V. All rights reserved 
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recovery using membrane processes is possible [5]. 
One of these membrane processes, the use of 
supported liquid membranes, has proved to be a 
valid option [6]. Such processes require knowledge 
of the chemical model, and some thermodynamic 
studies have been carried out in order to simulate 
and model the separation and recovery of these 
compounds [7]. 

Since membrane processes are based on the 
extraction of chlorophenol into an organic phase 
and the driving force of the transport is the 
concentration gradient, it is necessary to know the 
acid-base and distribution equilibria of the species 
involved in order to design selective liquid mem- 
brane separation processes and to interpret the 
permeation results obtained. One of the main 
requirements for an organic solvent to be part of 
a liquid membrane is that it is immiscible with 
water. It also needs to have a high boiling point in 
order to avoid evaporation of the membrane. 
Kerosene or aliphatic solvents are normally used 
for these purposes. However, it might also be 
interesting to try aromatic solvents in order to 
enhance the separation, since the solutes are aro- 
matic in nature and thus should have higher 
distribution coefficients. As well as the liquid mem- 
brane itself, the influence of the aqueous media in 
the permeation process should be taken into ac- 
count, In a previous work [8], the distribution 
coefficients of several phenols between 
1 .O mol dm ~’ NaCl and different organic solvents 
were determined. NaCl has been reported as a 
common medium in the wastewater of epoxy resin 
manufacturing; therefore, in this work the acid- 
base and distribution equilibria were determined in 
this medium at different ionic strengths (0.5, 2.0 
and 3.0 mol dm-‘) in order to build a thermody- 
namic model, taking 2-chlorophenol as an example 
to demonstrate the usefulness of the methodology 
used. One-phase potentiometric titrations were 
used for the determination of the acid-base equi- 
libria. This is one of the commonest techniques, 
together with spectrophotometry, although some 
other methods, such as liquid chromatography, are 
used for the study of the acid-base equilibria of 
chlorophenols [9]. Two-phase potentiometric titra- 
tions were used for the distribution equilibria, as 
described in Refs. [lo]-[12]. 

2. Experimental 

2. I. Chemicals und solutions 

2-Chlorophenol (Aldrich, > 99%) sodium chlo- 
ride (Merck, p.a.), sodium hydroxide (Merck p.a.) 
and hydrochloric acid (Fluka, p.a.) were used 
without further purification. 

The organic solvents n -decane (Fluka, 98%) and 
95 A 16/18 - an industrial aromatic mixture 
manufactured and kindly supplied by CEPSA, in 
Bilbao, Spain - were washed several times with 
0.1 moldm- NaOH and 0.1 moldmp3 HCl in 
order to eliminate the acid and basic impurities, 
and were finally saturated in the corresponding 
ionic medium. 

All solutions were prepared using MilliQ water. 
The NaOH solutions were prepared in N2 atmo- 
sphere and standardized against potassium phtha- 
late with phenolphthalein as indicator. These 
solutions were used as titrants. The HCl solu- 
tions were standardized against Tris(hydroxy- 
methyl)-aminomethane with bromocresol green 
as indicator. Different solutions of the phenols 
were prepared with the following general composi- 
tion: 

B mol drn-’ 2-chlorophenol -t 0.01 mol dm-’ 

HCl + (I- 0.01 - B) mol drn-’ NaCl 

where B is 0.01 or 0.03 and I is the concentration 
of the ionic medium. I was checked by weighing the 
solid residue after evaporation of a known volume 
of the solution. 

2.2. Procedure 

Potentiometric one-phase or two-phase titra- 
tions of 2-chlorophenol were carried out using an 
automated system developed in this laboratory [ 131 
and a thermostatic bath at 25.0 + O.l”C by measur- 
ing the emf of the cell: 

Ag/AgCl( s) 
/ Imoldm-3 NaCl i i NaCl 
:’ 
/ sat. in AgCl // Zmoldm-3 

/ / Test 
: : 

/ Glass 

; I solution 1 electrode 
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Table 1 

Values of .i,, , .h.,, and K,, for the direrent ionic strengths and electrode systems used in this work 

I:NaCI 
(mol drn- ‘) 

1.K 
(mV mol-’ dm’) 

.ib.h 
(mV molt ’ dm’) 

log K 

0.5 -9o* I 250 + 4 - 13.69 + 0.01 
2 -28.5 * 0.3 11012 - 13.72 * 0.01 
3 0 42 f I - 13.93 2 0.02 

where I is the concentration of the ionic medium 
(0.5, 2.0 and 3.0mol dme3) and the test solu- 
tions were 

B mol dm - ’ 2-chlorophenollh mol dm ~’ H ‘1 

ence of CO*. The solution was continuously 
stirred making use of a magnetic stirrer im- 
mersed in an oil bath at a constant temperature 
of 25°C. 

(I-/~-~)moldm~‘Na+~(I-B)moldm~~iC1~ 2.3. Drtewnination of h 

where B is 0.01 or 0.03. 
For the two-phase titrations, 0.070 dm3 of the 

test solution was equilibrated with 0.025 dm’ of 
one of the organic solvents, which was in contact 
with the aqueous phase. However, there was no 
contact with the electrodes in order to obtain 
more stable readings of emf from the electrodes. 

The free hydrogen ion concentration (/I) was 
determined by measuring the emf of the cell, 
which at 25°C can be expressed as follows: 

E(mV) = E” + 59.16 log h + E,(h) (1) 

where E,(h), the liquid junction potential, can be 
expressed as 

The values of h were varied by stepwise addi- 
tion of the titrant using a Metrohm 665 auto- 
matic burette connected to the computer via a 
RS-232C interface. The emf of the cell was mea- 
sured using a glass electrode (Metrohm 
6.0101.100) and an Ag/AgCl (s) double junction 
reference electrode (Metrohm 6.0726.100). The 
signals from the electrodes, preamplified by an 
operational amplifier in order to adequate the 
electric signal, were measured by a Hewlett-Pack- 
ard HP-E1326B voltmeter incorporated into the 
VXI data acquisition system connected to the 
computer. When the standard deviation of the 
emf over a preset period of time (about 3 min) 
was less than 0.04 mV. or a certain number of 
measurements were taken (more than 20), an in- 
struction for new addition was given by the com- 
puter to the burette. Each titration took between 
12 and 72 h to be completed, depending on the 
number of chemical phases and the solvent used, 
and all of them were repeated at least three 
times. 

E,(h) = j,,lJ + j,,,K, /J ’ (2) 

Therefore, in order to be able to determine the 
value of h in the phenolic solutions, the values of 
the acid liquid junction potential coefficient (i,,), 
the basic liquid junction potential coefficient 
(jbLls) and the autoprotolysis constant of water in 
this medium (K,) must be previously known. 
whereas the standard potential of the glass elec- 
trode, E”, is determined for each titration since it 
may vary from day to day [14]. 

The values of jbas. j,, and K, can be consid- 
ered constant, since the ionic strengths of the 
solutions were kept constant throughout the ti- 
trations and were determined by means of E” 
titrations as explained elsewhere [15]. The values 
of these constants for the different ionic strengths 
are shown in Table 1. 

Throughout the titrations N,. presaturated in 
the corresponding ionic medium, was bubbled 
through the solution in order to avoid the pres- 

Once the values of these constants are known 
and E” is calculated for each titration using 
Gran’s method [16], h can be calculated for each 
experimental point. Since the equation to calcu- 
late the value of 11 cannot be analytically solved, 
an iterative procedure such as the Newton- 
Raphson method is used. 
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3. Results and discussion 

3.1. Acid-base equilibriu 

The chemical systems studied in the one-phase 
titrations can be described by the following equi- 
librium: 

H++B-,‘HB (3) 

where HB is 2-chlorophenol with the stochiomet- 
ric constant 

(4) 

curve to the left and to the right while the curves 
still overlap, as well as the systematic errors that 
may arise. Moreover, it was proved that there is 
no aggregation of 2-chlorophenol since the Z 
curves corresponding to the two different concen- 
trations of phenol overlap. 

Numerical treatment, in order to refine the 
results from the graphical method, was carried 
out using the NYTIT version of the LETAGROP 
program [17] and the BSTAC program [18]. For all 
NP experimental points the sum of square errors 
U. defined as 

For each titration, the total concentrations of 
2-chlorophenol (B,,,) and hydrogen ions (H,,,) 
were known, and the free hydrogen ion concentra- 
tion can be calculated from Eq. (1). H,,, is calcu- 
lated using the following expression: 

Htot = 
C”. v,+ c,. v,- c,. v 

v”+ v (5) 

where CO is the initial HCl concentration, C, is 
the initial 2-chlorophenol concentration and C, is 
the titrant concentration. V, is the initial volume 
and V is the titrant volume. 

The average number of protons bound to the 
phenol is evaluated as follows: 

.=[W H,,,,-h+K,..h-’ hp -= =- 
B (6) tot B tot 1+17p 

The results obtained were treated both graphi- 
cally and numerically. A normalized variable 
method was used to carry out the graphical treat- 
ment. The following normalized variable is 
defined: 

u = hp (7) 

Therefore, Eq. (6) can be transformed into 

(8) 

Comparing the experimental formation curves 
Z vs. - log h (Fig. 1) with the theoretical curves 
Z vs. -log u, the value of log p can be calculated 
from the point along the pH-axis at which both 
curves overlap. This method allows estimation of 
the errors in the fit by shifting the theoretical 

0’ = c (X,,, - xxp)2 (9) 
IV, 

was minimized, where X= H,,, in NYTIT and 
X= E in BSTAC. Using NYTIT, Hexp and H,,,, are 
the experimental and calculated total concentra- 
tions of protons for each experimental point 
based on a set of formation constants and E”, j,,, 
jbar and K, values. This program allows the detec- 
tion and correction of any possible systematic 
error arising in the titrations, such as the concen- 
tration of 2-chlorophenol, H,,,, etc. Using BSTAC, 

Ecalc and Eexp are calculated and experimental 
potentials of the cell. Systematic errors can be 
detected and corrected using this program, but the 
basic liquid junction potential cannot be consid- 
ered. It is also possible to treat all the titrations 
corresponding to the same ionic strength together. 
The results of the graphical and numerical calcu- 
lations are the same, and the values of the forma- 
tion constants for the different ionic strengths 
with the statistical parameters given by NYTIT are 

6 7 8 
-log h 

9 IO 11 

Fig. I, Graphical representations of Z bs. -log /I of 2- 
chlorophenol with the theoretical curves 2 vs. -log u in the 
position showing the best fit in the one-phase titrations at 
direrent ionic strengths: C, 0.5 mol drn-‘: +. 2.0 mol dmm3; 
2, 3.0 mol dmm3. 
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Values of formation constants of 2-chlorophenol in different ionic media 

I/NaCl(mol dm-7) f :(mol dm ‘) 

0.5 2.0 3.0 1.0 [I51 +o [I91 0.1 N&IO, [20] 0.1 NaCIO, [2l] 

log B 8.23 i 0.01 8.36 f 0.01 8.46 ) 0.01 8.22 F 0.01 8.53 8.25 8.33 
6” 0.025 0.088 0.031 
Rb 5.94 x lo-’ I.21 x IO-’ 3.10 x lo-1 

‘I u = [UH/(Np - iVk)]j ‘: N, = number of experimental points; N, = number of parameters. 
b R (Hamilton’s factor) = (UEH,‘,,)’ ?. 

summarized in Table 2 together with the data 
found in the literature. 

There is not much possibility of comparing the 
results obtained in this work with bibliographic 
data, since the values found in the literature are 
determined in different ionic media. 

3.2. Distribution eyuilibriu 

In the case, together with the acid-base equi- 
libria showed in Eq. (3) it is necessary to consider 
the distribution equilibria, which can be described 
as follows: 

HBG==+HB (10) 

where HB is the 2-chlorophenol and l% is the 
phenol in the organic phase. This equilibrium has 
the corresponding equilibrium constant: 

(11) 

The distribution of the phenol into the organic 
phase affects the acid-base equilibrium as a side- 
reaction. 

As in the one-phase titration, for each titration 
point B,,, , H,,, and lz can be calculated. 

The average number of protons bound to the 
phenol, taking into account the distribution equi- 
librium, is evaluated as follows: 

z = [HB] + [HB] I’, H,,,, - h + K,& ’ = 
B tot B tot 

l$(l + Kd V,) 
= 1 +/$(I +I&. V,) (12) 

where V, is the organic phase to aqueous phase 
volume ratio ( Vorgj Va,q). The results obtained were 
treated both graphically and numerically. A nor- 
malized variable method with one parameter was 
used to carry out the graphical treatment. As well 
as the normalized u variable defined in Eq. (7) the 
following parameter is expressed: 

P = Kd (13) 

Therefore, Eq. (12) can be transformed into 

Comparing the experimental formation curves 
Z vs. -log h with the theortical curves Z vs. 
-log U, since ,G’ is already known, an approximate 
value of Kd can be calculated as that which makes 
both curves overlap (Figs. 2 and 3). Again, it was 
proved that, in the range of concentrations stud- 
ied, there is no aggregation equilibrium in the 
organic phase, since the Z curves corresponding 
to the two different concentrations of phenol 

1 

0.8 

06 2 
0.4 

0.2 

0 

6 7 8-10~ h 9 IO 11 

Fig. 2. Graphical representations of 2 vs. -log 11 of 2- 
chlorophenol with the theoretical curves Z vs. -log u in the 
position showing the best fit in the two-phase titrations con- 
taining n-decane at diKerent ionic strength: [I, 0.5 mol dm-j; 
+, 2.0 mol drn-‘; 0. 3.0mol dm -‘. 



16 A. Rim c’t trl. : T~/kmtu 43 (1996) I I ~20 

Fig. 3. Graphical representations of 2 vs. -log Ii of 2- 
chlorophenol with the theoretical curves Z vs. -log u in the 
position showing the best fit in the two-phase titrations con- 
taining 95 A 16/18 at different ionic strength: El, 
0.5 mol dk’; +, 2.0 mol drn-‘; ‘2, 3.0 mol dmm2. 

overlap. Ohce these values were obtained they 
were refined using numerical methods. 

The numerical calculations were carried out 
using the MODELSUNCTION version of the LETA- 

GROP program [22].\ This program allows all the 
titrations corresponding to the same solvent to be 
treated together. The calculations were carried out 
minimizing the sum of square errors: 

uz = c Kcalc - z,.ex”)2 
were Z,,,, is defined as follows: 

(16) 

and Texp is calculated as in Eq. (12). The final 
values of the distribution coefficients correspond- 
ing to both solvents and the different ionic 
strengths are compiled in Table 3. 

No data have been found in the literature of the 
distribution equilibria for the solvents used and 
2-chlorophenol. It is noteworthy that many of the 
distribution data are determined in batch experi- 
ments on measuring the concentration of the dis- 
tributed substances in both phases after 
equilibrium has been reached. However, there are 
other methods in the literature such as the tech- 
nique of countercurrent distribution [23] or gas 
chromatography [24], mainly chromatographic 
methods based on the relation of the chromato- 
graphic capacity factor and the distribution co- 
efficient [25], with the advantage that a very small 
amount of the substance is needed. The two-phase 
titration technique is not new, but is not very 

common either; it allows the detection and correc- 
tion of systematic errors both in the graphical and 
numerical treatment of the data. This is possible 
because the distribution coefficient is determined 
from a fairly large number of measurements (i.e. 
emf readings) transformed into the Z function, 
rather than from a single measurement of concen- 
tration, in which a minor error can give rise to 
large errors in the distribution coefficients. 

3.3. Thermodynumic model 

The behaviour of the chemical system studied, 
the aciddbase and distribution equilibria of 2- 
chlorophenol in NaCl media at different ionic 
strengths, can be explained by a thermodynamic 
model. In order to construct this model, when the 
stoichiometric formation constants and distribu- 
tion coefficients at different ionic strengths are 
known and making use of a model of the calcula- 
tion of the activity coefficients, the thermody- 
namic constant of the system at infinite dilution 
can be calculated. The calculation is not direct, 
and numerical methods must be used. Unknown 
parameters, which depend on the model, are cal- 
culated in order to adjust the experimental values 
to the theoretical function. 

A modification of Bromley’s methodology [26] 
for the calculation of activity coefficients, which 
can be applied to molar as well as to molal 
concentrations, has been successfully used with 
both inorganic and organic solutes in aqueous 
systems [27-301 for the calculation of thermody- 
namic formation constants at infinite dilution (“p) 
and of the interaction parameters between the 
species taking part in the equilibria and the ions 
of the ionic media. 

Considering the activities, Eq. (4) can be rewrit- 
ten as 

(17) 

and taking logarithms 

log/!?=log”P-logy,,+logy,-+logy,+ (18) 

According to the modified Bromley methodol- 
ogy, the individual activity coefficient of a charged 
species can be expressed as 



Table 3 

A. Rim CI c/l. !  Tdmttr 43 (I 996) 1 I-20 17 

Values of the distribution coefficients correspondmg to both organic solvents at diKerent ionic strengths 

Solvent I/NaCl(mol dm-‘) 

0.5 2.0 3.0 I.0 [S] 

)I -Deane Kd 7.5 + 0.01 12.29 i 0.01 19.4 * 0.3 8.97 f 0.08 
0 d 0.0008 0.01 0.016 
Rh 1.18 x IO-’ 1.61 x 10-z 1.66 X IO-’ 

95 A 16:18 K! 21.6 iO.1 39.6 + 0.2 70* I 19.6 & 0.2 
0 Ls 0.01 0.01 0.02 
Rh 1.57 x IO-’ 1.44 X lo-’ 3.07 x IO -2 

” D = ( C.‘zj(j\‘, - !Vk))’ ‘: N, = number of experimental; N, = number of parameters. 
’ R (Hamilton’s factor) = (L’:zZ&,)’ ‘. 

log;,, = -~ 

(19) 

where A = 0.5109 dm” mol-’ ‘. I is the ionic 
strength on the molar scale, ZM is the ionic charge 
of M, Z, is the charge of the ionic species with 
opposite sign to M, and cx is its molar concentra- 
tion. The parameter &,, can be expressed as 

&4.x = / 
CO.06 + 0.6iu,,@,Z,~ + 

1 < 17 
B 

M.X (20) 

where B,,, is the interaction parameter of the ion 
pair M and X on the molar scale. In this case, 
using Eqs. (19) and (20), the activity coefficient of 
B-(7& is a function of the concentration of 
Na+ in the ionic media, and the contribution of 
H+ can be neglected as its concentration is much 
lower. The ionic medium, NaCI, is a I:1 salt; thus. 
the concentration of Nat is the same as the ionic 
strength, and ;‘Bm can be expressed as a function 
of I and the interaction parameter B,-, N;,+. Simi- 
larly, the activity coefficient of H+ is a function of 
the ionic strength and the interaction parameter 
B H + .<‘I 3 which has been previously determined 
using values from the literature of activity co- 
efficients of solutions containing hydrochloric 
acid, its value being 0.1648 [3 I]. The activity 
coefficient of the neutral species HB in the ionic 
medium NaCl is expressed by means of the salt 
coefficient proposed by Long and McDevit [32] 
where, in this case, C,,c, equals the ionic 
strength: 

log YHB = SHB.NaC,CNaCI (21) 

Considering activities, Eq. (11) can be rewritten 
as 

(22) 

where the activity coefficient of the neutral species 
in the organic phase is considered constant since 
only the ionic strength in the aqueous solution 
changes and therefore it is taken as part of the 
stoichiometric distribution coefficient. Taking log- 
arithms gives 

log Kd = log OKd + log ;‘He (23) 

where there are no interaction parameters the salt 
coefficient sHB.N;,C.I being the only parameter. 

In order to relate the distribution to the acid- 
base data we can consider the acid-base and 
distribution equilibrium together, obtaining the 
following equilibrium: 

H++B- Ggzaii (24) 

with the corresponding formation constant 

o,=“~“& zz (HB) K 
=--- 

JB-}(H+} y&i’H- 

B&i Z--- 
‘!B- ;‘H+ 

Taking logarithms in Eq. (25) gives 

(25) 

log Kd = log ‘Kd + log “p - log p + log yH- 

+logy,+ (26) 



Substituting Eqs. (19), (20) and (21) into Eqs. 6.7 - 

(18) and (26) leads to 8.6 

1% P = 1% “P - hlB.N‘icI~ - 2 
0.5109,‘? 

i + Ji 
w6+o.64-.,,+)+B , 

(1 + 1.51)2 B .N.,+ 
1 

z 

(0.06 + 0.6&+.,,-) + B 
(1 + 1.51)2 H-.C.I- 1 1 (27) 

log Kd = log “Kd + log “/I - log p - 2 
0.5109,~rl 

1 + J? 

(0.06+@6B~-,,,+)+~ 

(1 + 1.50* B .N<I+ 1 I 

+ (0.06 + 0.6B,+.c,-) + B 
(1 + 1.51)2 H+.C,- 1 1 (753) 

The correlation of the experimental b and Kd 
values with ionic strength was made with both 
Eqs. (27) and (28) making use of the MODEL 

FUNCTION version of the LETAGROP program. 
The results of the formation and distribution ther- 
modynamic constants at infinite dilution and the 
interaction parameters obtained are collected in 
Table 4. Figs. 4 and 5 show the fit between the 
experimental data and the theoretical curves (Eqs. 
27 and 28) of the acid-base equilibria and distri- 
bution equilibria, respectively. The slope of the 
plots in Fig. 5 is the salt coefficient of 2- 
chlorophenol. The fact that the representation of 
log Kd vs. ionic strength follows a linear trend 
with the same slope for both organic solvents as 
predicted in Eq. (23) confirms the previously 
made assumption that the activity coefficients of 
the neutral species in the organic phase are con- 
stant. Therefore, making use of the salt co- 

Table 4 
Thermodynamic constants in infinite dilution and parameters 
calculated in the construction of the thermodynamic model 

log “B 8.49 f 0.05 

OK, (n-decane) 5.5 kO.1 
"K,(95 A 16118) 15.7 * 0.5 
s HB 0.196 & 0.004 
B E? .iv‘l+ 0.228 + 0.02 

0 0.056 

R 8.04 x lo-? 

8.1 - 

81 
0 0.5 I 15 2 25 3 35 

I @noI dm-‘) 

Fig. 4. Variation of log p with ionic strength together with the 
theoretical function (Eq. 27). 

efficients found in the literature [32], values of Kd 
at a given ionic strength can be predicted once the 
value of Kd is known at another ionic strength of 
the same salt for any organic solvent. The salt 
coefficients can be determined either by determin- 
ing distribution coefficients using any of the tech- 
niques available at different ionic strengths of the 
corresponding ionic medium or by measuring ac- 
tivity coefficients of the substance under study as 
a function of ionic strength in the corresponding 
ionic media, making use of Eq. (21). It should be 
taken into account that these salt coefficients de- 
pend on the ionic medium to be used, i.e. the salt 
coefficient is different for KC1 and NaCl media, 
but is independent of the organic solvent, as long 
as the activity coefficient of the substance in the 
organic phase is kept constant, which is feasible 
for low concentrations. 

In order to be able to predict the stoichiometric 
formation constants of 2-chlorophenol or any 
other substance it is necessary to know the values 

“1 
0 05 1 1.5 2 2.5 3 3.5 

I (mol dm’? 

Fig. 5. Variation of log & for both organic solvents with 
ionic strength together with the corresponding theoretical 
functions (Eq. 28): 0, 95A 16/18, 0, n-decane. 
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6 8 -log h lo 12 

Fig. 6. Distribution diagram of the system 2chlorophenol: 
H,O/n-decane for two ditferent ionic strengths in NaCI: solid 
line, 0.2 mol dm-‘; broken line, 2.5 mol dm-‘. 

of the corresponding B parameters, which depend 
on the ionic medium and the substance itself. A 
further discussion on the values of calculated B 
parameters for many ion pairs is under prepara- 
tion in a different work. Thus, it is possible to 
predict the values of the stochiometric formation 
constants of many chemical equilibria for any 
ionic strength within an appropriate range (it 
should be an interpolation and not an extrapola- 
tion) in many ionic media, once the corresponding 
thermodynamic formation constant at infinite di- 
lution is known. 

The value of the thermodynamic formation 
constant of Z-chlorophenol obtained is similar to 
that found in the literature, although it is not very 
clear how this was determined. The value ob- 
tained for the salt coefficient of 2-chlorophenol is 
close to that given by Long and McDevit [32] for 
phenol in the same ionic medium. 

Using the values collected in Table 4 and the 
value of &+,o,- it is possible to calculate the 
stoichiometric formation constants and distribu- 
tion coefficients for any value of ionic strength of 
NaCl in the range O-3 mol dm-j. Fig. 6, the 
distribution diagram of the system 2-chlorophe- 
nol/H,O/n-decane for two different ionic 
strengths, shows the different behaviour of the 
system as a function of ionic strength. 

As was pointed out above, the aim of this work 
is the construction of a thermodynamic model for 
application to a supported liquid membrane sys- 
tem for the separation of phenols as well as 
seeking practical aspects of the membrane tech- 
nique, we are interested in its basic chemistry. The 
correct interpretation of the permeation results 

requires a good knowledge of the chemical system, 
i.e. acid-base equilibria and distribution equi- 
libria, in such a way that it is possible to predict 
the optimum experimental conditions, pH, organic 
solvent to be used or ionic strength, for the best 
separation of the corresponding phenols. It is also 
possible to use the model in the interpretation or 
prediction of the permeation results obtained with 
wastewaters of varying concentration of NaCl, 
since a significant proportion of the parameters 
needed are from the model. However, apart from 
the interest in the elimination or separation of the 
priority pollutant 2-chlorophenol, the model con- 
structed shows the usefulness of the procedure 
employed and can be applied to any other chemi- 
cal system with different applications, e.g. sample 
preparation using solvent extraction, etc. 
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Abstract 

A new polymeric chromogenic reagent PA.FPNS has been synthesized by condensing polyallylamine (PA) with 
3-(4-formylphenylazo)-4,5-dihydroxynaphthalene-2,7-disulfonic acid (FPNS) and its properties studied. In alkaline 
media, PA.FPNS reacts with magnesium to form a water-soluble blue complex, whose absorption maximum is at 
604 nm. The molar absorptivity (E) of the complex is 5.2 x lo4 1 mol-’ cm-‘, which is four times that of the 
FPNS-Mg complex, and Beer’s law is obeyed over the range O-O.35 pgml-’ magnesium. Compared to the 
corresponding low-molecular-weight FPNS and other chromogenic reagents, PA.FPNS offers considerably improved 
sensitivity and selectivity for magnesium, which may be attributed to incorporating FPNS into a water-soluble 
polymer and the effect of the polymeric chain on the reaction microenvironment. Also, a simple and sensitive 
spectrophotometric method for the determination of magnesium has been developed and applied to water and human 
fluid samples with satisfactory results. 

Keywords: PA,FPNS; Magnesium; Spectrophotometry 

1. Introduction 

Water-soluble polymers such as poly(viny1 alco- 
hol) have been widely used in photometric analy- 
sis to improve the sensitivity, stability and 
solubility of reaction systems, which may be de- 
scribed as enhancing effects. It is interesting to see 
whether by incorporating a chromogenic group 
into a water-soluble polymer, the resulting poly- 
meric reagents will have simultaneously chro- 
mogenic and enhancing functions. Such an idea 

* Corresponding author 

has been realized for the first time in our labora- 
tory. For example, we had synthesized two poly- 
meric chromogenic reagents, PV.FPNS and 
PV.FPAQ, by condensing poly(viny1 alcohol) 
(PV) with 3-(4-formylphenylazo)-4,5-dihydroxy- 
naphthalene-2,7-disulfonic acid (FPNS) and 7- 
(4-formylphenylazo)~Cquinolinol (FPAQ) respec- 
tively. The two reagents did have the predicted 
desirable properties such as greatly improved sen- 
sitivities and stabilities of color reactions with 
some metal ions [1,2]. However, they are some- 
what unselective. According to the rule of soft 
and hard acids and bases, the condensation prod- 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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ucts contain a large number of hard base ligands 
such as hydroxy, and hence their reactivities are 
strengthened for other hard acid metal ions. 

Obviously, in order to improve the reagent 
selectivities it is necessary to link the low-molecu- 
lar-weight reagents to some other water-soluble 
polymers. Although there are a lot of photometric 
reagents for magnesium, few of them are superior 
to chromotrope 2R in terms of both sensitivity 
and selectivity [3-71. Therefore, in this paper 
FPNS with an active formyl group and the struc- 
ture feature of chromotrope 2R is chosen as a 
constituent to be incorporated. The water-soluble 
polymer employed is polyallylamine rather than 
poly (vinyl alcohol), because the former has active 
amino groups which condense easily with alde- 
hydes, and the nitrogen donors intrinsically show 
more preference than oxygen for Mg2+ over Ca2+ 
[8]. This is conducive to improvements in reagent 
selectivity. Thus in this work the new polymeric 
chromogenic reagent PA.FPNS has been synthe- 
sized by incorporating FPNS into polyallylamine 
with different weight ratios of the two reactants. 
Furthermore, its analytical properties and applic- 
tions have been studied. The results show that 
PA.FPNS has a large advantage over PV.FPNS 
and other chromogenic reagents for magnesium 
determination, indicating that incorporation of 
the chromogenic part into water-soluble polymers 
can be used as an important measure for improv- 
ing analytical functions of photometric reagents. 

2. Experimental 

2.1. Apparatus and reagents 

Spectral and absorbance measurements were 
made with a Hitachi-340 ultraviolet-visible spec- 
trophotometer and a Model 721 spectrophotome- 
ter (Shanghai, China). The pH values were 
obtained with a Model 25 pH meter (Shanghai, 
China). Infrared spectra were taken with a 
Perkin-Elmer 683 spectrometer. Microanalysis 
was performed on a Carlo Erba 1102 elemental 
analyzer. 

Poly(allylamine hydrochloride) with average 
A4, 8500-l 1 000 was purchased from Aldrich, 

and chromotropic acid(disodium salt) and p- 
aminobenzaldehyde were obtained from Beijing 
Chemical Factory, China. Magnesium stock solu- 
tion (1.0 mg ml-‘), 0.1% (w/v) of FPNS and 
PA.FPNS (9.8% amino groups substituted) solu- 
tions, and 0.1 mol 1-l of Na,HPO,-NaOH buffer 
solution (pH 11.50) were used. Deionized-distilled 
water was employed throughout. All other chemi- 
cals used were of analytical grade. 

2.2. Synthesis of PA.FPNS 

Poly(allylamine hydrochloride) (2.0 g) was dis- 
solved in 100 ml of pH 11 aqueous buffer 
(Na2C0,-NaHCO,). To this was slowly added a 
solution of 2 g FPNS (prepared following our 
previous method [lc]) in 100 ml of water with 
stirring at room temperature. After 1 h the reac- 
tion solution was neutralized to pH 8-9 with 
dilute HCl. The resulting precipitate was filtered 
off, washed thoroughly with water, and dried in 
vacua. The crude product was purified by dissolv- 
ing in aqueous NaOH and reprecipitating with 
dilute HCl to give 2.0 g of PA.FPNS as a dark 
red solid. The product is soluble in alkaline solu- 
tion (purplish red color) and slightly in water, but 
not in ethanol, acetone or dioxane. The alkaline 
solution of PA.FPNS is stable for 20 days at 
room temperature. After that its concentration 
decreases slowly. IR (KBr pellets): 3600- 
3300cm-’ (brs, OH, NH); 1640 cm-’ (C=N); 
1600, 1570, 1495 cm-’ (C=C, N=N); 1240- 
1150 cm-’ (brs, C-O, S=O); 1040 cm- ’ (S=O). 
A 6.32% sulfur content was determined by barium 
salt titration. Absorption spectra of PA.FPNS 
were recorded against the corresponding reagent 
blank. 

2.3. Procedure for magnesium determination 

2.5 ml of pH 11.50 aqueous buffer (Na,HPO,- 
NaOH) and 2.0 ml of 0.1% PA.FPNS were added 
to a sample solution containing not more than 
3.5 ug of magnesium and the final volume ad- 
justed to 10 ml with water. The absorbances were 
measured at 604 nm in 1 cm cells against the 
reagent blank. 
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3. Results and discussion 

3.1. Synthesis of‘ PA .FPNS mu’ its infrured und 
U V- uisible spectra 

A 1%) solution of poly(allylamine hydrochlo- 
ride) has a pH of 4 and an isoelectric point 
at zpH 9, at which polyallylamine has low solu- 
bility and precipitates easily. Accordingly, the 
condensation products of polyallylamine with 
aldehydes are conveniently purified by reprecipita- 
tion. Moreover, in alkaline media aromatic alde- 
hydes react readily with aliphatic amines to give 
Schiffs bases [9]. Thus, neither the preparation 
nor the purification of PA.FPNS are difficult. In 
addition, by using different weight ratios of the 
two reactants, PA.FPNS with different degrees of 
substitution of amino groups could be prepared. 
For example, by using the three different weight 
ratios (2, 1 and 0.5) of PA to FPNS, PA.FPNS 
with three different sulfur contents (4.93% 6.32% 
and 8.39%) could be obtained, and their degrees 
of substitution by amino groups were 6.6%, 9.8% 
and 17.3% respectively. 

0.4 

D 0.3 

2 

220 300 400 500 wo 700 

Fig. I, Absorption spectra of PA,FPNS and its magnesium 

complex at pH 11.5. Experimental conditions: (A) 0.0015% of 

PA,FPNS solution against water blank: (B) the solution con- 

taining 0. IS pg ml ’ of Mg’+ and O.O?‘% of PA.FPNS against 

the corresponding reagent blank. 

% o’4 1 -------l 0.2 

01 . . 
11.0 11.5 12.0 12.5 

PH 

Fig. 2. Erect of pH on the determination of magnesium 

(0.2 ph ml-‘). 

IR spectral analysis showed that. after react- 
ing with PA, the carbonyl absorption peak 
(1685 cm ‘) of FPNS disappeared and a new one 
for the C=N double bond was observed at 
1640 cm ‘, indicating that the condensation reac- 
tion between FPNS and PA did take place. 

UWvisible spectra of PA.FPNS and its magne- 
sium complex are shown in Fig. 1. Compared 
with FPNS [2c], PA,FPNS has a similar absorp- 
tion spectrum except for the absorption maximum 
at 530 nm with a 5 nm red shift, which may be 
attributed to the increased conjugation of the 
whole molecule in the presence of a C=N double 
bond. The magnesium complex absorbs maxi- 
mally at 604 nm. 

It should be pointed out that the distribution of 
the chromogenic group in the polymer is uncer- 
tain. 

3.2. E#kct of crmino group substitution 

The PA.FPNS structure is proposed as follows: 

PA.FPNS with the three different degrees of 
substitution prepared above has little effect on the 
sensitivity of determining magnesium. Higher sub- 
stitutions do not enhance the sensitivity except by 
giving stronger background absorbance. In this 
work, PA.FPNS with a moderate substitution 
(9.8%) was chosen to study the spectrophotomet- 
ric determination of magnesium. 

+CH, -CHwCH2-CHfi;- 

I 
CH,NH, 

OH OH 

CHzN=CH+N=N& 

HO3S SO,H 

PA.FPNS 
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3.3. Conditions for spectropkotometric 
determination 

Eflects of pH and bufler systems 
PA.FPNS is apt to precipitate in media with 

7 < pH < 11 .O and hardly reacts with magnesium 
at pH < 7. However, at higher pH (3 11.0) it gives 
a very sensitive color reaction with magnesium. 
The optimum pH range for the color reaction is 
1 l.O- 11.7, and at pH values higher than 11.7 the 
absorbance of the complex decreases (Fig. 2). 
Therefore, a pH of 11.5 f 0.2 was used and main- 
tained with aqueous Na,HPO,-NaOH buffer in 
this study, the optimum amount of which was 
2.5 ml. No difference was observed with other 
buffers such as Na,B,O,-NaOH. 

EfSrct of PA.FPNS concentrution 
For the determination of 0.2 ug ml- ’ Mg*+, the 

absorbance reached a maximum value in the vol- 
ume range 1.5-2.5 ml of O.l”/o PA.FPNS solution, 
and 2.0 ml of PA.FPNS was used. 

Churucteristics of the color reaction 
The blue PA.FPNS-Mg complex is immediately 

formed and the absorbance remains constant for 
at least 12 h. Variation of the temperature within 
the range 15-35°C does not affect the absorbance 
of the complex. Beer’s law is obeyed over the 
range O-O.35 ug ml-’ of magnesium and the 
linear regression equation is Acabsorbancc) = 2.122 . C 
(pg Mg*+ ml-‘) - 0.007, n = 6, r = 0.9960. The 
molar absorptivity (E) of the complex has been 
found to be 5.2 x lo4 1 mall’ cm-‘, and according 
to IUPAC’s recommendation [lo] the detection 
limit is 14 ng ml-‘, based on 15 blank measure- 
ments (k = 3). 

Effects of ethanol and surjbctunts 
Ethanol and nonionic surfactants such as Tri- 

ton X-100 and poly(viny1 alcohol)-1750 do not 
interfere with the determination of magnesium. 
Anionic surfactant (sodium dodecyl sulfate) leads 
to a negative error (- 13%), whereas cationic 
surfactants, such as cetyltrimethylammonium bro- 
mide, associate with the reagent anion to form a 
precipitate and thus influence magnesium determi- 
nation. 

Eflkcts of foreign ions 
The potential interferences of more than 30 ions 

were examined for the determination of 2 pg of 
magnesium in the presence of each foreign ion. 
The tolerable amount was that of a species which 
gives a relative error of less than f5% in the 
analytical signal(absorbance) of magnesium, i.e. 
for 2 ug of magnesium in 10 ml of solution, the 
tolerable amounts of the foreign ions are: at least 
50 ug of A(II1) and La(II1); 5 ug of Ag(I), Au(III), 
Cr(VI)*, Ga(III), Mo(VI), Sc(III), Sn(IV), Sr(I1) 
and Ti(IV); 2.5 ug of As(V); 10 ug of Ba(II)*, 
Cd(II), Co(II), Cu(II), Ge(IV), Hg(II), In(III), 
Pb(II), W(V1) and Zn(I1); 0.5 ug of Be(II)*; 20 ug 
of Ca(II)*, Mn(II) and V(V); 30 ug of Fe(II1); 
400 ug of K(1); 2 ug of Ni(II)*, Pd(I1) and Pt(IV); 
1 ug of Rh(II1); 500 ng of Cl-, NO, and SiO:-; 
200 ug of SOi- (where an asterisk indicates that 
an ion with the given amount causes a maximum 
error of +5%). The tolerable amounts of Be(I1) 
and Ni(I1) are small, but concentrations of these 
two ions are naturally much lower than that of 
magnesium. 

3.4. Comparison with FPNS 

Under its optimum condition (pH 1 l.O), FPNS 
reacts with magnesium to form a complex with a 
maximum absorption at 600 nm and a molar ab- 
sorptivity of 1.3 x lo4 1 mall ’ cm- ‘, whereas the 
molar absorptivity of PA.FPNS-Mg complex is 
5.2 x lo4 1 mall’ cm-‘, which is four times that 
of the FPNS-Mg complex. 

3.5. Comparison with other methods 

There are few spectrophotometric methods for 
determining magnesium which possess simulta- 
neously high sensitivity and selectivity. The meth- 
ods with good selectivity are usually less sensitive 
[ 11,121. Although increased sensitivities are 
achieved by using extraction or the formation of a 
multicomponent complex, the procedures become 
tedious and some suffer from nonselectivity 
[ 13,141. Fortunately, the new polymeric reagent 
PA.FPNS could be directly used to determine 
magnesium in many samples without separation 
and masking treatment. 



Table I 
Analytical results of magnesium in samples and recovery tests 

Sample .’ Volume 
used 

(PI) 

Mg added Mg found h 

w (I%) 

Mg concn. 
in sample 
(w ml-‘) 

Recovery 
(‘%) 

Mg concn. in 
sample detd. 
by AAS 
(~2 ml-‘) 

Serum 

Urine 

Tap water 

120 0 3.02 i 0.23(5) 
60 1.0 2.55 f 0.23(3) 

I50 0 3.15 + 0.24(5) 

40 0 3.37 & 0.28(3) 
20 I.5 3.08 & 0.26(3) 
30 0 1.90 & 0.21(3) 
20 0 2.68 + 0.23(3) 

60 0 2.16+0.18(5) 
30 I.0 2.03 h 0.21(3) 
60 0 2.25 + 0.22(3) 
60 0 1 .OO + 0.23(3) 

25.2 * I .9 24.3 
104 

2l.O? 1.6 20.8 
(certified value) 

84.3 f 7.0 90.0 
93 

63.3 i 7.0 60.3 
134.0 & I I.5 132.5 

36.0 i 3.0 35.0 
95 

37.5 * 3.7 37.3 
16.7 + 3.8 15.0 

<’ Serum I : serum mixtures of normal humans were provided by Zhongguancun Hospital, Beijing; serum 2: a human serum reference 
material (GBW 09135) w’as obtained from the NatIonal Research Center for Certified Reference Materials (Beijing, China). Fresh 
urine and tap water were acidified with a few drops of dilute HCI. Appropriate volumes of these samples were taken and analyses 
were then conducted following the procedure given in the text. 
b Mean f /S,,,(m) [21] at the 9% confidence level, S,,, = S, , I :h ; I:III + I./I + I/h’ (J,,, -?:)‘:Z(.Y, - .Y)‘i ’ ‘, 171 = the number of 
determinations. 

3.6. Analytical upplicutions 

Atomic absorption spectrometry is considered 
to be the best method for the assay of magnesium 
in water and human fluids such as serum and 
urine, but spectrophotometric methods are 
more often used because of their simplicity and 
low cost [ 15- 181. Different chromogenic reagents 
such as Methylthymol Blue, formazan dye, magon 
and especially Calmagite have been proposed for 
determining Mg*+ in biological fluids [16,19]. In 
practical applications, Calmagite needs a nonionic 
surfactant and masking agents (e.g. NaCN 
and EGTA) to improve its selectivity for Mg’+. 
Most sensitive spectrophotometric methods for 
determining Mg ‘+ in water also require previous 
treatments such as separation or masking 
[15,18,20]. Compared with those methods de- 
scribed above, however. the present proposed 
method is simple, needs no masking and can be 
satisfactorily applied to the direct determination 
of magnesium in water and human fluids (Table 
1). The results, given in Table 1, were evaluated 
by the paired r-test [21] and showed that there 

was no significant difference between the pro- 
posed method and AAS at the 95% confidence 
level. 

4. Conclusions 

The present results further demonstrate that 
incorporation of a chromogenic group into water- 
soluble polymers can be used as an effective way 
for improving the analytical properties of photo- 
metric reagents. By replacing the hydroxy group 
in the polymer used with an amino group, the 
resulting condensed product PA.FPNS provides 
better analytical properties than PV.FPNS in 
terms of both sensitivity and selectivity. PA.FPNS 
is one of the best chromogenic reagents for deter- 
mining magnesium. When applied to the analysis 
of human fluids, it requires only small sample 
volumes and needs no previous treatment. Of 
course. the presented method may also be adapted 
for improvements in other analytical reagents 
such as fluorimetric reagents. We are currently 
focusing on such an attempt. 
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Abstract 

A flow injection analysis system incorporating amperometric detection and enzyme reactor for glycerol determina- 
tion in alcoholic beverages is described. The reactor is based on the glycerol dehydrogenase system, and the enzyme 
was immobilized through chemical modification on several supporting materials such as aminopropyl and isothio- 
cyanate controlled pore glass, aminopolystyrene resin and m-aminobenzyloxymethyl cellulose. NADH, the product of 
the enzymatic reaction, was monitored amperometrically with a three-electrode wall-jet type flow through cell, at 
+ 0.5 V vs. Ag/AgCl. The method was evaluated in the presence or absence of potassium and the following linear 
dynamic ranges were found: 2 x 10e5-2 x 10W4 mol 1-j and 4 x lo-‘--4x 10m4 mol l-‘, respectively. The 
interference effects of various compounds were also studied. The relative standard deviation was found to be better 
than 1.0% (n = 6). The reactors are stable for over a period of 3 months and after about 2500 injections. Under 
optimum working conditions the sampling frequency was 30 samples h - ‘. The successive application of the method 
was confirmed by comparison with a reference method. The mean relative error is 2.2% and the recovery 95-102%. 

Keywords: Amperometric FIA; Glycerol determination; Isothiocyanate CPG; Immobilized enzyme 

1. Introduction 

Glycerol in grape juice has been shown to be an 
indicator of defects in harvested grapes [l]. It is 
also a secondary fermentation product in wine 
contributing to the sensory properties, while it is 
added to the beer and other alcoholic beverages in 
order to improve their taste. Therefore, a rapid, 
sensitive. reliable and at the same time economical 

*Corresponding author. 

method is desired for the determination of this 
analyte. The official methods for determining 
glycerol are that recommended by the AOAC and 
also liquid chromatography [2,3]. Both methods 
are either very time-consuming and tedious or 
expensive and not suited to routine analysis. 
However, several enzymatic methods have been 
developed for the analysis of glycerol, combining 
the selectivity of the enzymes involved with differ- 
ent detection systems [4-l 11. In these cases the 
shortcomings of the methods arise from the use of 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01701-I 
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more than one enzymatic pathway, the tedious 
pretreatment of the sample, the need for prepara- 
tion of many reagents and the use of complicated 
instrumentation. Here we present a simple, precise 
and reproducible procedure which links a reactor 
bearing immobilized glycerol dehydrogenase 
(GDH) and the amperometric detection of the 
produced NADH, using a graphite electrode 
mounted on a wall-jet type flow through cell. A 
fully automated flow injection analysis (FIA) 
manifold is used for performing the determina- 
tions. The GDH is immobilized on several inor- 
ganic and organic polymeric supporting materials 
for the construction of packed bed reactors 
(PBRs). The resulting enzymatic reactors are eval- 
uated and the superior one is used for the deter- 
mination of glycerol. Moreover, the proposed 
method does not use additional reagents, such as 
mediators or other co-immobilized enzymes, ex- 
cept the NAD+ required for the operation of the 
immobilized enzyme. Many attempts have led in 
the past to similar enzymatic schemes, but to our 
opinion without the analytical advantages of the 
present work [4,9]. 

The glycerol concentration is proportional to 
the yield of NADH, the product of the enzymatic 
reaction: 

GDH 
Glycerol + NAD + - dihydroxyacetone 

+NADH+H+ (1) 

2. Experimental 

2.1. Apparatus 

An automated dual-channel, in-house built FIA 
manifold was used for the determinations. The 
FIA system consists of a four-way pneumatically 
actuated injection valve (Rheodyne, Type 50 
Teflon, Cotati, CA, USA) and an in-house elec- 
tronic actuator, assembled from a transformer 
(DC, 5-12 V, 2 A, 5 W) and a 12 V coil. The coil 
is actuated by resident software developed in our 
laboratory which controls the passage of com- 
pressed air through the valve as well as a four- 
channel peristaltic pump (Gilson Minipuls 3, 
Villiers-le-Bel, France). The three-electrode elec- 

trochemical detector, model 656 (Metrohm, 
Herisau, Switzerland) comprises a wall-jet type 
thermostatted cell (volume < 1 pl), a graphite 
working electrode (RWOOl, 3.0 mm id., Rings- 
dorff-Werke GmbH), a built-in gold auxiliary 
electrode and a Ag/AgCl reference electrode. The 
potentiostat is the Autolab Electrochemical 
Analyser (Eco Chemie, Utrecht, The Nether- 
lands). 

2.2. Reagents 

A glycerol dehydrogenase, (glycerol:NAD+ 2- 
oxidoreductase; EC 1.1.1.6, cellulomonas species, 
49 U rng- ’ solid) was purchased from Sigma, 
Cat. No. G-3512 (St. Louis, MO, USA). The 
aminopropyl and isothiocyanate controlled pore 
glass (CPG, 500 A, 200-400 mesh) as well as the 
aminopolystyrene resin (APSR) and m-aminoben- 
zyloxymethyl cellulose (m-ABMC) were also pur- 
chased from Sigma. Boehringer (Mannheim, 
Germany) was the supplier of the enzymatic Test 
Kit which was used as a reference method. All the 
other chemicals were of analytical-reagent grade 
and were obtained from Sigma. Tris-HCl buffer 
0.05 mol l- ‘, pH 9.0 was prepared by dissolving 
0.76 g Tris-HCl and 5.47 g Trizma base in 1 1 
distilled water. 

2.3. Preparation of the immobilized enzyme 
reactors 

Before immobilizing the enzyme, the supporting 
materials are chemically modified. The isothio- 
cyanate CPG was purchased preactivated with 
thiophosgene [12]. The PBRs were prepared by 
packing the derivatives (SO mg) in glass tubes (2 
mm i.d x 30 mm length). A 0.05 mol 1-l solution 
based on a phosphate buffering system of suitable 
pH (Table l), containing 2.5% v/v glutaraldehyde, 
was pumped through the columns of 
aminopropyl-CPG and APSR at a flow rate 0.2 
ml min - ’ for 2 h at room temperature in order to 
preactivate the support, followed by washing of 
the columns with doubly-distilled water for 2 h. 
The m-ABMC was activated by diazotation with 
NaNO, as described elsewhere [13]. GDH (343 U) 
was loaded onto the supporting materials by cir- 
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culating the enzyme in phosphate buffer solution 
of appropriate pH for 36 h at a flow rate of 0.2 ml 
min-‘, and 4°C. The solution with the enzyme 
was directed along the reactor by reversing the 
flow for time intervals (15 min) specified by means 
of a computer program, in order to achieve better 
efficiency of immobilization. The support was 
then washed with water (5 min), NaCl 0.5 mol 1 - ’ 
(60 min), water (60 min) and finally with the 
phosphate buffer solution 0.05 mol 1-l (30 min). 
An increase in circulation time up to 48 h did not 
significantly improve the efficiency of immobiliza- 
tion. The reactors were stored at 4°C filled with 
the buffer of immobilization. In all cases the 
concentration of the enzyme solution was 7 mg 
GDH/3.5 ml of 0.05 mol l- ’ phosphate. The 
immobilization on APSR and m-ABMC was car- 
ried out at pH 7.0 and 7.8, respectively [14,15]. 
Higher concentrations of GDH did not improve 
the response. 

2.4. Procedure 

The flow diagram of the FIA system is shown 
in Fig. 1. The streams of the carrier (Tris-HCl 
0.05 mol l- ’ pH 9.0, containing 1.45 x 10 - ’ mol 
1-l KC) and the NAD+ solution (1 x lo-* mol 
1-l) in the working buffer solution were continu- 

Table 1 
Efficiencies of GDH immobilization on different supports for 
different pH values 

support PH Immobilization Relative 
yield (‘X,) activity (%I) d 

CPG/‘Glu b 7.0 74 91 
CPG:‘Glu b 8.0 67 86 
CPG:ThC ’ 7.0 81 95 
CPG:ThC ’ 8.0 84 100 
APSR d 7.0 22 9 
m-ABMC e 7.8 28 I6 

“Measurements under standard conditions related to the most 
active preparation. 
‘CPG activated with 2.5% glutaraldehyde in phosphate. 
‘Isothiocyanate-CPG (preactivated with 10% thiophosgene in 
chloroform). 
‘Aminopolystyrene resin. 
‘m-Aminobenzyloxymethyl cellulose. 

L- 0 21ml.mln-i 

P 
N 0 17mLmin -1 

- 

waste 

Fig. 1. Schematic representation of the FIA manifold for 
glycerol determination. GDH, glycerol dehydrogenase; C, car- 
rier; N, NAD+; P, pump; S, sample; D, detector; and PC, 
personal computer. 

ously pumped at flow rates of 0.21 ml min - ’ and 
0.17 ml min-‘, respectively. Standards or real 
samples were introduced automatically as shots of 
170 ,~l via the loop injection valve. The peak 
height of the current response was taken as a 
measure of the glycerol concentration. 

According to previous investigations, the 
graphite electrodes proved to be very efficient with 
respect to stability, reproducibility and sensitivity 
for the determination of NADH [16]. They were 
maintained and regenerated as follows: graphite 
rods were first polished using wet emery paper 
(Nr.240), washed thoroughly with deionized water 
and finally dried at 60°C for 30 min prior to 
heating in a muffle furnace at 700°C for 90 s, in 
order to remove tiny particles from their surface 
[17]. After cleaning, the electordes were pretreated 
by cycling between + 1.0 and - 1.0 V at a scan 
rate of 100 mV s ~ ’ for about 20-30 scans in 10% 
H,SO,. 

3. Results and discussion 

The amount of immobilized enzyme was deter- 
mined as proteinic molecules by measuring the 
absorbance of the GDH solutions at 280 nm 
before and after the immobilisation [18]. The use 
of APSR and m-ABMC did not give considerable 
yields of immobilization. The immobilization of 
GDH on CPG was performed with efficiencies 
between 67 and 850/o (Table 1). The results prove 
that these materials are very good functionalized 
supports for the immobilization of GDH, and, to 
the best of our knowledge, this is the first time 
they have been used as such. The response of the 
system was high enough to avoid the use of 
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diaphorase which has been previously used as a 
link in reaction schemes given by Eq. (1) [4]. 

Parameters such as immobilization and work- 
ing pH, concentrations of NAD + and flow rates 
of the reagents were optimized. The different 
parameter variations were implemented with a 
glycerol standard solution of 1 x 10 -’ mol l- ‘. 

The optimum pH for the activation of GDH 
has been previously reported to be 9.0 and 8- 10 
[19,20], while pH 11 leads to inactivation of the 
enzyme. The effect of pH on the system was also 
investigated. Several buffering systems of different 
concentration and pH were used. Fig. 2 illustrates 
that Tris-HCl buffer 0.05 mol l- ‘, pH 9.0, is the 
most suitable for the operation of the system. The 
buffer based on the glycine system yielded slightly 
higher responses but in a narrower range of pH, 
which restricted the operational conditions of the 
system. 

Several flow rates in the range 0.10-0.60 ml 
min-’ were used in the experiments. An overall 
flow rate of 0.38 ml min - ’ gave fairly high peak 
intensities and satisfactory sampling throughput 
(30 samples hb ‘). A 9:7 flow ratio (buffer carrier 
to NAD+ solution) offered low dilution of the 
sample and therefore satisfactory peak current. A 
sample volume of 170 ~1 was selected for per- 
forming the experiments which compensates for 

i 

n l 

0 l,,,.l,.,,l,...l,,.,l,...l,, 
7.5 8 8.5 9 9.5 10 

PH 

Fig. 2. Effect of pH on the response of the system. 0, 
Tris-HCI; n , glycine. Buffer concentration 0.05 mol I-‘; 
glycerol concentration 1 x 10m4 mol I- ‘_ 

0.6 

30 60 90 120 150 180 210 240 270 

Sample size, pl 

Fig. 3. Effect of sample size on the response of the system. 
Buffer concentration 0.05 mol ml ‘: glycerol concentration 
1 x 10e4 mol I-‘. 

no peak broadening and fairly high sensitivity 
(Fig. 3). No influence on the system was observed 
by positioning a plain reactor beyond the meeting 
point of the sample with NAD+ for better mix- 
ing. 

Since the equilibrium of the employed reaction 
favours glycerol breakdown only in the case of 
NAD+ being in large excess [21], a final concen- 
tration of 4.5 x lo- 3 mol l- ’ was chosen for the 
experiments, providing high sensitivity. 

Systems using the electrochemical oxidation of 
NADH at electrode surfaces need special empha- 
sis on the use of mediators, which allow operation 
at lower potentials. The system described here is 
without mediators since no interference of ascor- 
bic acid or other electrochemically active com- 
pounds is encountered in the tested real samples. 
In addition, most of the mediators are strongly 
pH dependent [16]. The majority of commonly 
used mediators such as Meldola Blue, Nile Blue, 
p-benzoquinone, ferrocenes and Methylene Blue 
are inactive in alkaline media ( > 8) [22]. Ferri- 
cyanide and DCIP tested at pH 9.0 showed good 
electrochemical behaviour, but their analytical 
performance was limited in the absence of the 
enzyme diaphorase. 

According to the literature [23], it is possible to 
regenerate NAD+ from NADH at naked elec- 
trodes under ideal conditions (0.1 M NADH, pH 
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7) although a large overvoltage is needed, i.e. 
+ 1 .l V vs. SCE, and prolonged usage results in 
fouling of the electrode surface. However, the 
direct anodic oxidation of NADH has been re- 
ported by Lava1 et al. using a Blaedel and Wang 
type pretreatment of the electrode [24], by Eggers 
et al. using diluted NADH [25], and by Blaedel 
and Engstrom at + 0.875 V vs. SCE using an 
NAD + concentration of l-5 mM [26]. As no- 
ticed, the NAD+ was shown not to cause fouling 
of the electrode [26]. In the present work, a lower 
potential of + 0.5 V vs. Ag/AgCI was applied in 
order to improve the stability of the baseline while 
minimizing the graphite surface fouling. Replicate 
measurements of a glycerol standard solution dur- 
ing our experiments showed no fouling effect at 
the electrode surface. 

The behaviour of commonly considered inter- 
ferents, normally present in real samples, was also 
investigated. All the tested compounds (metals, 
amino acids and organic acids) were present at 
concentrations of 1 x 10 - 3 mol 1 - ’ in mixtures 
containing 1 x 10 ~ 4 mol l- I of glycerol. As ex- 
pected, the results displayed in Table 2 show that 
only potassium and ascorbic acid give positive 
interferences. In this case, potassium functions as 
an activator of the enzyme [19] leading to an 
increase in the system sensitivity. For routine 
experiments, the potassium is led to the FIA 

Table 2 
Interference effect of various compounds on the assay of 
glycerol in a standard solution of I x 10d4 mol I-‘. The 
concentration of interfering compound in all cases was 
1 x IO-’ mol I-’ 

Interfering compound Relative activity 
(‘X,) 

None 100 
KCI 270 
NaCl 101 
CaCl, 100 
Leucine 102 
Alanine 102 
Tartaric acid 100 
Citric acid 104 
Malic acid 103 
Ethylene glycol 112 
Ascorbic acid 440 

4 r 
3.6 - 

p 3.2 - 
8 
Ye 2.8 - 

!- 8 2.4 - 

M 
cz 2- 

1.6 
1 

1.2’ n ’ * ’ a ” ’ I ’ n ’ o ’ n ’ 
0 2 4 6 8 10 12 14 16 

Concentration of Potassium, mM 

Fig. 4. Effect of potassium on the response. Tris-HCl 0.05 
mol I- ‘, pH 9.0; glycerol concentration I x 1OP4 mol I - ‘. 

system along with the carrier at a concentration 
of 8 x 10 ~’ mol l- ’ as indicated in Fig. 4. Owing 
to the high concentrations of glycerol in real 
samples large dilutions were performed, thus min- 
imizing the interferences present. 

Under the optimum working conditions, good 
linearity was achieved in the follow concentration 
ranges of glycerol: 4 x 10 - 5-4 x 10m4 mol l- ’ 
without potassium and 2 x 10P5-2 x 10m4 mol 
l- ’ in the presence of potassium. The correlation 
coefficients were 0.997 and 0.998, respectively. 
The relative standard deviation for both reactors 
was 0.8% for a 1 x 10 - 4 mol 1 - ’ standard glyc- 
erol solution (six replicate measurements). The 
detection limit (for signal-to-noise ratio = 3) in 
the presence of potassium was 5 x lop6 mol 1-l. 

The reactors displayed very good operational 
and storage stability if kept in the buffer of immo- 
bilization at 4°C when not in use. Under the 
conditions described above, after more than 2500 
injections over a period of 3 months, the reactor 
retained 85% of its initial activity. 

Although several methods have been suggested 
for the determination of glycerol in food samples, 
the proposed method surpasses those previously 
given in the literature in terms of simplicity and 
low cost. 

The method was applied to the determination 
of glycerol in several types of wines, beers and 
champagne. Dilutions of 1:lOO to 1:500 are neces- 
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Table 3 
Determination of glycerol in several alcoholic beverages. The standard deviation of the means ranges from 0.03 to 0.06 

Sample 

Red wine (Boutari) 
White wine (Tsantali) 
White wine (Zitsa) 
Red wine (local) 
Retsina 
Champagne 
Beer (Heineken) 
Beer (Henninger) 
Beer (Amstel) 

Reference With 
method d K+ b 

(g I-‘) (g I-‘) 

1.55 1.45 
6.18 6.88 
5.19 5.11 
6.38 6.28 
6.31 6.46 
7.89 7.76 
1.24 I .25 
1.39 1.37 
1.28 1.31 

Relative 
error (‘)/;a) 

I.3 
I.5 
1.5 
I .6 
2.4 
1.6 
0.8 
I.4 
2.3 

Without 
K+ b 

(g I-‘) 

7.32 
6.69 
5.35 
6.10 
6.25 
7.65 
I.21 
1.32 
1.30 

Relative 
error (‘i/o) 

3.0 
I.3 
3.1 
4.4 
1.0 
3.0 
2.4 
5.3 
I.6 

“Boehringer-Mannheim Test Kit. 
‘Average of five runs. 

Table 4 
Recovery of glycerol surplus added to some of the real samples given in Table 3 

Sample 

Red wine (Boutari) 
Retsina 
Champagne 
Beer (Amstel) 

Glycerol added Glycerol found Recovery 
(g I-‘) (B I-‘) (%I) 

0.46 0.45 98 
0.46 0.45 98 
0.40 0.38 95 
0.40 0.41 102 

sary, depending on the glycerol concentration of 
the sample. The accuracy of the FIA method was 
evaluated by comparing it to the enzymatic stan- 
dard method using the Boehringer Test Kit. The 
results as well as the relative errors are presented 
in Table 3, and are in good agreement with those 
obtained by the reference method. The original 
samples normally contained high concentrations 
of potassium, but the performed dilutions kept its 
content to a minimum. The matrix effect was 
studied for different samples by recovery experi- 
ments. The recoveries attained were in the range 
95- 102% as shown in Table 4. 
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Abstract 

Methods for the direct determination of silver in sea water samples by ETA-AAS using different chemical modifiers 
were studied. The effect of salinity was studied using synthetic sea water of high (72.8%1) and low (34.2%) salinity, 
and the results were compared with aqueous standard solutions. The charring temperatures achieved were 800 and 
900°C for magnesium nitrate and ammonium dihydrogen phosphate respectively, being 1100 “C for palladium nitrate 
and their mixtures. The best sensitivity obtained in the peak-height measurement mode was achieved by using reduced 
palladium (limit of detection (LOD) between 0.5 and 1.1 /Ig I ’ for an injection volume of 20 /(I) with analytical 
recoveries close to 100% for synthetic and real sea water samples. The use of ammonium dihydrogen phosphate (LOD 
of 1.3 pg 1~ ’ for an injection volume of 20 ,uI) produced good recoveries for low salinity; at high salinity an increase 
of around 2% was obtained, the method being unsuitable for sea water analysis. Finally, an interference study of the 
major components of sea water was carried out and applied to the analysis of surface sea water from the Galicia 
coast. 

Keywo~~i.s: ETA-AA% Silver determination: Sea water: Chemical modifiers 

1. Introduction 

Silver has been recognized as a toxic element 
owing mainly to its abundance in marine environ- 
ments [l]. Therefore, it is necessary to know the 
concentrations of silver in sea water. Despite the 
fact that silver determination is one of the most 
sensitive determinations by ETA-AAS, there are 
only a few reports on its implementation in sea 

* Corresponding author. 

water using a graphite furnace [2-61. A reason for 
this could be the strong interference of chloride [7] 
and the high silver volatility. In fact, losses of 
silver were reported [8] at temperatures higher 
than 4OO”C, and also incomplete volatilization of 
the inorganic matrix of the sea water samples at 
these relatively low charring temperatures. 

The above problems could be reduced consider- 
ably with the use of chemical modifiers, ensuring 
silver stabilization at higher charring tempera- 
tures, and hence allowing better elimination of the 
sea water matrix resulting in a decrease in the 

0039.9140/96/$15,00 SC 1996 Elsevier Science B.V. All rights reserved 
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Table I 
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DiHPrent procedures for silver separation from sea water 

Preconcentration method LOD Ref. 

Complexation with dithizone and extraction of the complex formed in IBMK 

Complexation with dithizone and extraction of the complex formed in bencene 

Complexation with ammonium pyrrolidine-I-yl dithioformate and diethylcarbamic acid. 

extraction with IBMK and re-extraction with nitric acid 

Coprecipitation of silver with mercury(l1) sulfate 

Coprecipitation using cobalt pyrrolidine dithiocarbamate 

Coprecipitation with sodium tetrahydroborate 

Complexation with dithizone and sorption of the complex on activated carbon: elution 

with nitric acid 

Complexation with ammonium dithiophosphoric acid O.O-diethyl ester and sorption 

on carbon; elution with nitric acid 

matrix interference effects. For this reason, Ret- 
tberg and Holcombe [2] used tantalum as a sec- 
ond atomization surface. To avoid the matrix 
effect, the separation of silver from sea water 
using extractive procedures or by coprecipitation 
methods was also carried out; these procedures 
are summarized in Table 1. However, the use of 
analyte separation methods presents some disad- 
vantages because of the laborious procedures re- 
quired, and the possible loss of analyte and 
sample contamination during these procedures. 
Thus, a direct method with chemical modifiers 
appears more suitable. 

Among the different chemical modifiers previ- 
ously proposed for silver determination, ammo- 
nium dihydrogen phosphate [6], ascorbic acid 
[13,14], nitric acid [15] and EDTA, alone or com- 
bined with ammonium dihydrogen phosphate 
[16], were used for silver determination in oyster, 
sea water, mineral water and geological samples. 
Recently, Bhattacharyya [17] studied the effect of 
platinum, iridium, palladium, cadmium, magne- 
sium, vanadium and titanium modifiers, and pro- 
posed the use of palladium acetate as a chemical 
modifier for silver determination in coal fly ash. 

Some authors have successfully used palladium 
reduced by different reducing agents such as 
ascorbic acid and hydroxylamine hydrochloride, 
with 5% hydrogen as purge gas [18]. The addition 
of a reducing agent ensures that palladium is 
reduced to the metal early in the temperature 
program, improving the sensitivity for metals such 

[31 
[41 

0.02 pg1-' [91 

0.5 Pg 
0.1 ng I-’ 

0.7 ng I-’ 

I.6 pglk 

[51 
[61 
I101 
I1 11 

1 .O ng 1~ ’ [I21 

thallium and lead [18], and mercury [19] in sea 
water samples. 

Thus, in the present work, a comparative study 
of palladium nitrate, alone or combined with 
magnesium nitrate and reducing reagents, and 
ammonium dihydrogen phosphate will be carried 
out for the direct determination of silver in real 
and synthetic sea water samples of low and high 
salinity, using a deuterium background correction 
system. 

2. Experimental 

2.1. Appurutus 

Silver absorbance was measured with a Perkin- 
Elmer 1100 B atomic absorption spectrotometer 
equipped with a deuterium lamp for background 
correction, a HGA-700 graphite furnace atomizer 
and an AS-70 autosampler. The operating condi- 
tions are shown in Table 2. 

2.2. Reugrnts 

All solutions were prepared from analytical- 
reagent grade chemicals using ultrapure water, 
resistivity 18 MR cm - ‘, which was obtained from 
a Milli-Q water purification system (Millipore). 

The solutions used were: silver nitrate stock 
standard solution, 1 .OOO g 1~ r (BDH chemicals, 
Poole, UK); palladium stock standard solution, 



3.000 g 1-I (99.999% Aldrich, Milwaukee, WI, 
USA), prepared according to Welz et al. [20]; 
magnesium nitrate stock standard solution, 2.000 
g 1~ ‘, prepared from magnesium nitrate (Merck, 
Darmstadt, Germany); ammonium dihydrogen 
phosphate, 2.000 g l- ‘, prepared from ammo- 
nium dihydrogen phosphate (BDH Chemical 
Ltd.); hydroxylamine hydrochloride (HONH,Cl), 
1.000 g lP ‘, prepared from hydroxylamine hy- 
drochloride (Merck); L( + )-ascorbic acid, 1.000 g 
I- ‘, prepared from L( + )-ascorbic acid (Merck); 
citric acid, 1.000 g I ~ ‘, prepared from citric acid 
(Merck). 

Two synthetic sea water (SSW) samples [21] 
were prepared from the following components. 
SSWI: 30 g 1.~ ’ of sodium chloride (Merck), and 
10 g I ~ ’ each of magnesium chloride, potassium 
chloride, calcium chloride and strontium chloride 
(Merck), giving a salinity of 72.8 ‘%I. SSWII: 32 g 
l- ’ of sodium chloride, 14 g l- ’ of magnesium 
sulfate heptahydrate (Merck) and 0.15 g 1~ ’ of 
sodium hydrogencarbonate (Merck), giving a 
salinity of 34.2%. 

Ammonium nitrate, 1 .OOO g 1~ ‘, was prepared 
from ammonium nitrate (Merck), and argon N-50 
purity (99.999%) was obtained from SEO, 
Madrid, Spain. 

2.3. Procedure jtir samplr collection 

Sea water samples, with a salinity between 28 
and 30X0, were collected from coastal surface 

Table 2 
Graphite furnace temperature program and spectrometer oper- 
ating conditions .’ 

Step Temperature Ramp Hold Argon flow 

Drying 150 15 20 300 
Charring 700~1500 15 30 300 
Atomization 1800~2500 0 3 0 (read) 
Cleaning 2500 I 3 300 

‘I Ag hollow cathode lamp; wavelength = 328.1 nm; lamp cur- 
rent =4 mA; spectral bandwidth = 0.7 nm: integration 
time = 3 s; peak-area and peak-height measurements; pyrolytl- 
ally coated graphite tubes and pyrolytic platform; deuterium 
background correction; injection volume = 20 ~1. 

water of Galicia (north-west, Spain) in 100 ml 
glass bottles and immediately acidified with 200 ~11 
of concentrated nitric acid [22]; this gave 
pH < 1.6, avoiding silver adsorption onto the 
glass bottle walls. 

2.4. Procedure for measurements 

Each real or synthetic sea water sample (200 
/ll), along with the appropriate volumes of the 
different chemical modifiers to obtain a concen- 
tration that will be referred to in the next section, 
was transferred into the autosampler cup. The 
volume was then made up to 1 ml and the solu- 
tion stirred before measurements. Volumes of 20 
111 were injected into the atomizer. A sequential 
dry-ash-atomizeeclean electrothermal program 
(Table 2) was run and the integrated absorbances 
recorded. 

3. Results and discussion 

3. I. C/w-ring cmd utomtrrtion temprraturrs 

A study on silver stabilization in sea water 
samples, i.e. synthetic sea water spiked with 10 /lg 
1. ’ of Ag+ and an aqueous standard solution of 
10 ,l1g 1 ’ of Ag+ using (a) nitric acid (3.5X, v/v), 
(b) palladium nitrate (20 118 1~ ‘), (c) magnesium 
nitrate (20 /lg 1~ ‘). (d) palladium (20 jrg lP ‘)- 
magnesium nitrate (20 ilg lP ‘), (e) palladium (20 
jig I ‘)-ascorbic acid (200 Llg l- ‘), (f) palladium 
(20 /l 1~ ‘)Phydroxylamine hydrochloride (200 ,Llg 
I ‘), (g) palladium (20 /l I - ‘)-citric acid (200 jig 
1~ ‘) and (h) ammonium dihydrogen phosphate 
(20 /lg I ‘)- was performed. The optimum char- 
ring temperatures obtained are shown in Table 3. 
As can be observed. when aqueous standard solu- 
tions were used, optimum charring temperatures 
of 1000 and 1100°C were reached when using 
palladium nitrate, palladium-magnesium nitrate 
and reduced palladium; in contrast, for nitric 
acid, magnesium nitrate and ammonium dihydro- 
gen phosphate, loss of silver was observed at 
charring temperatures of 600. 800 and 900°C re- 
spectively. 
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Table 3 

Optium charring and atomization temperatures (“C) corresponding to each chemical modifier, obtained for aqueous standard, 

synthetic and real sea water samples spiked with Ag+ (IO gg I-‘) 

Chemical modifier Aqueous standard Sea water SSWII (34.2%) SSWl (72.8%) 

Char. Atom. Char. Atom. Char. Atom. Char. Atom. 

temp. temp. temp. temp. temp. temp. temp. temp. 

Pd (20 I-‘) mg 1100 2200 II00 2200 I200 2200 1100 2000 

Pd (20mgl-‘)-Mg(N0,)2 (20mgI~-‘) IO00 2100 II00 2100 II00 2100 1100 2100 

Pd (20 I ')-L( +)-ascorbic acid (200 mg mg I- ‘) 1100 2100 II00 2100 II00 2200 1100 2000 

Pd (20mgl-‘)-HONH,CI (200mgl-‘) II00 2000 II00 2100 II00 2100 1000 2000 

Pd (20 I-‘)-citric acid (200 I-‘) mg mg IO00 2200 II00 2100 IO00 2200 1000 2000 

Mg(NO,)I (20 mg I-‘) 800 2200 800 2200 800 2300 900 2100 

(NH,)H,PO, (20 mg I-‘) 900 2200 900 2200 900 2200 1000 1900 
HNO, (3.5%. v/v) 600 2100 - 

When real and synthetic sea water samples of 
low salinity (SSWII) were used, similar results to 
those found when using aqueous standard solu- 
tions were obtained for all the chemical modifiers 
tested (except when nitric acid was used). For 
synthetic sea water samples of high salinity 
(SSWI), an increase in charring temperature of 
about 100°C was observered when palladium ni- 
trate, magnesium nitrate and ammonium dihydro- 
gen phosphate were used as chemical modifiers. 
This could be due to some beneficial effect of the 
high content of sodium chloride matrix on silver 
stabilization. 

For all the chemical modifiers tested, real and 
synthetic sea water samples gave a scatter of silver 
absorbance signals for charring temperatures 
lower than 700°C; this is due to the incomplete 
salt volatilization at these temperatures. The use 
of HNO, as a chemical modifier is thus inade- 
quate, owing to the low charring temperatures 
obtained. 

The atomization temperature was also studied 
for these chemical modifiers, using the corre- 
sponding optimum charring temperatures ob- 
tained previously. The atomization temperature 
was varied between 1800 and 2500°C. Similar 
optimum atomization temperatures, around 
2200°C were achieved (Table 3) for all chemical 
modifiers and samples. However, the peak profile 
related to the use of palladium reduced by ascor- 
bic acid was better (higher peak height) when the 

atomization temperature was increased to over 
2200°C. For palladium alone or combined with 
magnesium nitrate, hydroxylamine hydrochloride 
and citric acid, the improvement to the peak 
profile was small. For ammonium dihydrogen 
phosphate and magnesium nitrate, the increase in 
atomization temperature did not modify the peak 
profiles. This can be also seen in Fig. 1, for 
different silver absorbance-time profiles obtained 
using palladium nitrate, palladium-magnesium 
nitrate, palladium reduced by ascorbic acid, mag- 
nesium nitrate and ammonium dihydrogen phos- 
phate. In addition, early appearance times were 
obtained when atomization temperatures were in- 
creased for all the chemical modifiers tested. For 
lower atomization temperatures, the peaks present 
tailed off, owing to poorer precision in the mea- 
surements, and the peak heights were correspond- 
ingly lower. 

It may be concluded that the use of nitric acid 
as a chemical modifier does not allow the direct 
determination of silver in sea water samples, and 
that magnesium nitrate and ammonium dihydro- 
gen phosphate produce poorer silver stabilization 
compared with palladium nitrate and their mix- 
tures. 

3.2. Buckground signal 

The background signal values obtained previ- 
ously for the optimum charring temperatures and 
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for each chemical modifier, when a real sea water 
sample was used, were low (around 0.010 ab- 
sorbance units (a.u.)), except in the cases of mag- 
nesium nitrate and ammonium dihydrogen 
phosphate. For these chemical modifiers, the 
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Fig. I, Peak profiles obtained for a real sea water sample when 
(a) palladium-ascorbic acid, (b) palladium nitrate, (c) palla- 
dium-magnesium nitrate, (d) magnesium nitrate, and (e) am- 
monium dihydrogen phosphate were used as chemical modifier 
for different atomization temperatures: (A) 2lOO”C, (B) 
22OO”C, (C)2300 “C and (D) 2400°C. 

0.1 
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o- 
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Fig. 2. Background values related to ditferent salinities for 
several chemical modifiers: palladium nitrate (H), palladium- 
magnesium nitrate (I), palladium-ascorbic acid (0). palla- 
dium-hydroxylamine (*), palladium-citric acid ( x ), 
magnesium nitrate (~5) and ammonium dihydrogen phosphate 

(0). 

background signal values were 0.090 and 0.070 
a.u. respectively, due to the lower admissible char- 
ring temperatures (800 and 9OO”C), which do not 
allow efficient removal of the sea water matrix. 

When synthethic sea water of low and high 
salinity was used, the background signal values 
increased strongly (Fig. 2) for all chemical 
modifiers, except the mixture palladium-magne- 
sium nitrate. The use of palladium nitrate and 
reduced palladium offered background signal val- 
ues of around 0.200 and 0.400 a.u. for low and 
high salinities respectively, while the highest back- 
ground signal values obtained were for ammo- 
nium dihydrogen phosphate, i.e. 0.450 and 0.600 
a.u. for low and high salinities respectively. 

The addition of ammonium nitrate to real and 
synthetic sea water samples was carried out to 
increase the removal of sodium chloride from 
samples when magnesium nitrate and ammonium 
dihydrogen phosphate were used. From the re- 
sults obtained, it can be said that the addition of 
ammonium nitrate does not offer sufficient 
volatilization of sodium chloride, which necessi- 
tates a charring temperature higher than 900°C 

~231. 
Finally, when palladium nitrate plus magne- 

sium nitrate was used the background signal val- 
ues obtained were considerablely low, around 
0.050 and 0.130 a.u. for low and high salinity 
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Fig. 3. Peak profiles obtained for a sea water sample spiked 
with Ag+ (IO /lg I- ‘) corresponding to the use of (A) 
palladium nitrate (20 mg I ‘), (B) palladium (20 mg I ‘)) 
magnesium nitrate (20 mg I - ‘), (C) palladium (20 mg I ‘)) 
ascorbic acid (200 mg I ‘). (D) magnesium nitrate (20 mg 
I ‘) and (E) ammonium dihydrogen phosphate (20 mg I ‘). 

respectively. Thus, the addition of Mg(NO,), has 
some beneficial effects, problably due to matrix 
oxidation, which increase the advantages of the 
use of palladium [24]. 

3.3. Peuk projiles 

The peak profiles obtained for a sea water 
sample spiked with 10 Lig 1-l of Ag+ and for 
each chemical modifier, at a concentration re- 
ferred to previously, are shown in Fig. 3. As can 
be seen, the best peak profile (highest peak height 
and smallest tails) corresponds to the use of palla- 
dium reduced by ascorbic acid. The other reduc- 
ing reagents (hydroxylamine hydrochloride and 
citric acid) did not improve the peak profile when 
added to palladium nitrate. Finally, the worst 

peak profiles correspond to the use of magnesium 
nitrate and ammonium dihydrogen phosphate. 

3.4. Calibration and stundard uddition gruphs 

A study of the calibration and addition graphs 
with the chemical modifiers tested for silver deter- 
mination was performed. The charring tempera- 
ture was an optimum one related to a real sea 
water sample and the atomization temperature 
employed was 2300 “C, as the best peak profiles 
were obtained for some of the chemical modifiers 
at this atomization temperature. The calibration 
and addition slopes obtained using peak-area and 
peak-height measurements are shown in Table 4. 
As can be seen, these slopes, related to all kinds of 
samples for each chemical modifier (except when 
ammonium dihydrogen phosphate was used), are 
very similar, no statistical differences being found 
when the F-test [25] was applied for a confidence 
level of 99.5%. Thus, it can be assumed that the 
matrix effect for high salinity is small. Conse- 
quently, the calibration method using aqueous 
standard solution may be used independently of 
the salinity of the sea water sample. When 
(NH,)H,PO, was used, an increase of about 100% 
in the slope value was obtained for synthetic sea 
water of high salinity (SSWI), the calibration 
method employing aqueous standard solutions be- 
ing unsuitable in this case. For this situation a 
standard addition method will be carried out. 

The increase in the slope values obtained when 
peak-height measurements were used (Table 4) 

Table 4 
Slopes expressed as a.~.: ug of Ag I- ’ of calibration and addition graphs for different chemical modifiers 

Chemical modifier Aqueous standard Sea water SSWII 34.2% SSWl 72.8’%1<, 

Area Height Area Height Area Height Area Height 
mode mode mode mode mode mode mode mode 

Pd (20mgl-‘) 0.021 0.023 0.020 0.022 0.018 0.020 0.022 0.025 
Pd (20mgl~‘)-Mg(N0,)2 (20mgI-‘) 0.022 0.020 0.020 0.020 0.019 0.021 0.021 0.022 
Pd (20 I - ')-L( +)-ascorbic acid (200 mg mg I ‘) 0.036 0.041 0.035 0.044 0.030 0.044 0.035 0.040 
Pd (20mgI~‘))HONH,CI (200mgI-‘) 0.020 0.021 0.022 0.023 0.015 0.019 0.021 0.020 
Pd (20 I ‘)-citric acid (200 I- ‘) mg mg 0.022 0.028 0.020 0.027 0.016 0.025 0.021 0.021 
Mg(NO,)? (20 mg I ‘) 0.019 0.021 0.020 0.018 0.018 0.022 0.020 0.026 
(NH,)H2POa (20 mg I-‘) 0.01 I 0.013 0.013 0.011 0.01 I 0.017 0.021 0.019 
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Table 5 
Characteristic mass (m,,), detection limit (LOD), quantification limit (LOQ) and mean RSD (‘X) corresponding to each chemical 
modifier 

Chemical modifier 4, (pg) LOD (pgl-‘) LOQ (a I-‘) Mean RSD (‘%I) 

Area Height Area Height Area Height Area Height 
mode mode mode mode mode mode mode mode 

Pd (20mgl-‘) 4.6 4.3 1.2/0.4’ I .0!‘0.3 ‘I 4.0 3.3 1.4 0.6 
Pd (20 l-‘)-Mg(N0,)2 (20 I-‘) mg mg 4.4 4.5 1.510.5 ‘I I .6/0.5 “ 5.0 5.3 1.9 1.6 
Pd (20 I- ')-L( + )-ascorbic acid (200 mg mg I ‘) 2.5 1.8 0.7/0.2 Cl 0.5/o. I * 2.3 1.7 1.3 0.4 
Pd (20 mgl-‘)-HONH,CI (200 I-‘) mg 4.3 4.3 1.3:0.4 a 1.1:0.3 il 4.3 3.7 I.3 1.4 
Pd (20 I ‘)-citric acid (200 I- ‘) mg mg 4.5 3.6 I .4:0.4 .’ 1.0:0.3 ‘I 4.7 3.3 I.5 0.5 
MgWO,h (20 mg I-‘) 4.4 5.0 1.2 I .o 4.0 3.3 I.9 I.1 
(NH,)H,PO, (20 mg I-‘) 8.8 1.3 2.3 2.1 7.7 7.0 2.7 3.2 

d These detection limits were obtained using 400 HI of sea water sample (filled to I ml) and by hot injection of 40 ~1 aliquot into the 
atomizer. 

was strong when palladium reduced by ascorbic 
acid and citric acid was utilized. This is due to the 
good peak profile (high peak height) of the silver 
signal for these chemical modifiers, When palla- 
dium nitrate was used alone, a smooth increase in 
the slope values was obtained using the peak- 
height measurement mode, while for palladium- 
magnesium nitrate, magnesium nitrate, 
palladium-hydroxylamine hydrochloride and am- 
monium dihydrogen phosphate some improve- 
ment of the slope values was achieved. 

3.5. Precision 

The within-batch precision of the methods, ob- 
tained for 11 replicates of a sea water sample 
solution spiked with 0, 5 and 10 pg 1 - ’ of Ag + , 
was studied for all the chemical modifiers tested. 
The mean RSD (%) values are shown in Table 5. 
The precision obtained using peak-area and peak- 
height measurement modes is acceptable, RSD 
< 3.2%, corresponding to the best within-batch 
precision when the peak-height mode was used. 

3.6. SensitiuitJ 

A study of the sensitivity achieved for each 
chemical modifier was performed. The sensitivity 
was examined using the following parameters: 
limit of detection (LOD), limit of quantification 
(LOQ) and characteristic mass (m,) [26]. Table 5 

shows the values of these parameters obtained 
with each chemical modifier, and related to the 
use of both measurement modes (peak height and 
peak area). The slopes in each case were the 
calibration graphs using SSWII, and the standard 
deviation (SD) was related to 11 replicates of the 
blank of the calibration using SSWII. 

As can be seen (Table 5) the use of the peak- 
height measurement mode for palladium nitrate, 
palladium-ascorbic acid and palladium-citric 
acid offers better LODs than the use of the peak- 
area measurement mode. When the other chemi- 
cal modifiers were used, similar LODs were 
obtained in both measurement modes. In addi- 
tion, for both measurement modes, the use of 
palladium reduced by ascorbic acid offers the best 
sensitivity, giving LODs of 0.7 and 0.5 pug 1-l for 
the peak-area and peak-height modes respectively. 

These detection limits can be improved by in- 
troducing a large volume of sea water into the 
autosampler cup and by increasing the volume 
introduced into the graphite tube. Thus, when 400 
~1 of sea water sample was used to prepare the 
final solution and 40 ~1 aliquot was introduced 
into the atomizer by the hot injection technique 
(at 120°C), the detection limits could be reduced 
as shown in Table 5. Thus, when palladium- 
ascorbic acid was used the LOD obtained was 
reduced to 0.2-0.1 fig l- ’ for each measurement 
mode. When magnesium nitrate and ammonium 
dihydrogen phosphate were used, the increase in 
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Table 6 
Analytical recovery corresponding to each chemical modifier 

Chemical modifier Sea water SSWII (34.2%) SSWI (72.8%) 

Area Peak Area Peak Area Peak 

Pd (20mgIl’) 91.3 96.7 93.0 109.0 103.7 98.6 
Pd (20mgIl’)-Mg(NO,), (20mgll’) 93.3 103.0 97.8 102.0 104.2 107.4 
Pd (20 mg I ')-L( +)-ascorbic acid (200 mg I ‘) 96.0 98.6 97.0 101.3 95.8 105.6 
Pd (20mg I-‘))HONH,Cl (200 mg I-‘) 105.7 91.5 102.1 102.5 105.3 103.3 
Pd (20mg Il’)+zitric acid (200 mg I-‘) 102.7 102.5 94.8 104.7 102.3 98.7 
Mg(NO,), (20 mg I- ‘) 104.5 104.0 103.0 97.4 102.1 100.7 
(NH,)H>PO, (20 mg I-‘) 105.0 97.6 103.5 105.8 157.5 130.7 

salt content obtained for a large injection volume 
produced a scatter in the silver absorbance signal 
due to inefficient volatilization of the sea water 
matrix and more pronounced matrix effects. 

3.7. Accurucy 

Owing to the fact that a reference material of 
sea water with certified silver concentration is not 
available, the accuracy was studied by analysis of 
a reference material (plant materials of aquatic 
origin) BCR-61, with an indicative silver concen- 
tration of 2.0 mg kg ~ ‘. The results expressed for 
a confidence level of 95% as mean f confidence 
limit were 2.5 kO.4, 2.3kO.4, 2.6kO.3, 2.4kO.3, 
2.4 f0.4, 2.5 f0.4 and 2.6 i0.4 mg kg-’ for 
palladium, palladium-magnesium nitrate, palla- 
dium-ascorbic acid, palladium-hydroxylamine 
hydrochloride, palladium-citric acid, magnesium 
nitrate and ammonium dihydrogen phosphate, re- 
spectively. In addition, the accuracy was studied 

through the analytical recovery. As can be seen 
(Table 6), the use of palladium nitrate, magne- 
sium nitrate, palladium-magnesium nitrate and 
reduced palladium ensures excellent recoveries, 
close to 100% for all silver concentrations and all 
salinities when both measurement modes were 
used. However, when ammonium dihydrogen 
phosphate was employed, only acceptable recov- 
eries were obtained for low salinity; at high salin- 
ity (with respect to Mini-Q water), the analytical 
recovery increased to 150%, owing to the signifi- 
cant interference of salts from the sea water which 
will be discussed in the next section. 

3.8. Interference study of the mujor components 
of sea water 

The influence of the increasing concentration 
of sodium chloride and potassium sulfate (the 
major components of sea water) on the integrated 
absorbance signal of a sea water sample spiked 

Table 7 
Percentage of silver absorbance variation produced with the addition of NaCl and KZSO, on a sea water sample spiked with Ag+ 

(IOKS-‘) 

lnterferent Cont. Pd Mg(NO,), PddMg(NO,)? Pd-ascorbic acid Pd-HONH,CI Pd-critic acid (NH,)H,PO, 
added (gll’) 

NaCl 5 -7.1 - 10.3 +5.5 -4.6 - 10.8 -8.2 -11.3 
IO - 16.7 -25.3 + II.7 -9.6 - 20.0 -22.1 -25.1 
I5 -35.1 -51.6 +22.3 -23.7 -36.1 -33.5 - 56.7 

KZSO, 0.5 -7.2 -10.6 - 10.8 -7.7 - IO.6 -9.7 - 13.2 
I - 10.7 -41.9 -55.3 - 16.2 -30.6 -31.6 -35.4 
2 -20.6 -55.5 -68.5 -23.6 -48.1 -53.0 -55.9 



with Ag + (10 pg I ~ ‘) for each chemical modifier 
tested is shown in Table 7. We assume that these 
species begin to interfere at a concentration corre- 
sponding to a 10% increase or decrease in the 
signal in their absence. 

0.600 
3 

B 

0 Time (s) 
0.600 

b 

0 Time (5) -I 

0.600 1 

0 Time (s) -l 

0.600 
1 

0 Time (s) 4 

0.600 

Fig, 4. Etfect of increasing concentration of NaCI, (A) 0 g I ‘, 

(B) 5 g I ’ and (C) IO g I ‘, on the peak profile of a real sea 

water sample spiked with IO ,cg I ’ of silver when (a) palla- 

dium-ascorbic acid, (b) palladium magnesium nitrate, (c) 

palladium nitrate. (d) magnesium mtrate and (e) ammonium 

dihydrogen phosphate were used as chemical modifiers. 

At concentrations of sodium chloride of up to 5 
g I ’ there was no effect on the silver signal for 
the different chemical modifiers used, except in the 
case of palladium reduced by ascorbic acid for 
which a sodium chloride concentration of 10 g 
I ’ did not exhibit significant interference. 

The increase in sodium chloride concentration 
(Fig. 4) produces the worst peak profile (small 
peak height) for all the chemical modifiers, except 
for the mixture palladium-magnesium nitrate for 
which an increase in the peak height was ob- 
tained. Finally, as can be seen in Fig. 4, a scatter 
of the silver peak was obtained for high sodium 
chloride concentration when ammonium dihydro- 
gen phosphate was used as chemical modifier. 

The addition of potassium sulfate did not pro- 
duce any interference at concentrations higher 
than 0.5 g I --’ for all the chemical modifiers 
tested. However, the addition of this species pro- 
duced a distorted peak profile, as was also ob- 
served on addition of sodium chloride. 

4. Application 

The method using the mixture palladium- 
ascorbic acid as chemical modifier was applied to 
the determination of silver in sea water samples 
from the Galicia coast (north-west Spain) using 
the peak-height mode and a calibration method 
with standard aqueous solution. Two sub-samples 
for each sea water sample were then analyzed. A 
volume of sea water of 200 ,~tl was transferred into 
the autosampler cup with the appropiate volume 
of palladium and ascorbic acid to obtain the 
concentration referred to previously: it was then 
diluted to 1 ml. A 20 111 aliquot was injected into 
the atomizer. Owing to the low silver concentra- 
tion of the sample 6, a 40 ~11 aliquot was intro- 
duced into the atomizer by hot injection at 120°C. 
The silver concentrations obtained are given in 
Table 8, together with the RSDs, and are seen to 
vary between 0.4 and 11.7 ,ug I ‘. 

5. Conclusions 

Palladium reduced by ascorbic acid was found 
to be the most adequate chemical modifier, with 



Table 8 

Silver levels in sea water samples ‘I 

Sample Silver concentration RSD 

(P&T I- ‘1 (‘%a) 

I 7.8 2.1 

2 2.9 2.5 

3 5.3 1.8 

4 11.7 3.4 

5 5.9 I .4 

6 0.4 3.1 

7 3.3 2.6 

“ II = 4. 

the lowest LOD (0.5 ,ug I ‘) obtained using the 
peak-height mode, for the direct determination of 
silver in sea water samples of low and high salin- 
ity. The other reducing reagents did not provide a 
more consistent performance. Thus, the behavior 
of the palladium modifier depends on the reduc- 
tion method used. The analytical recoveries were 
close to lOO”% for all salinities and chemical 
modifiers, except for (NH,)H,PO, at high salinity. 
Thus, a single calibration curve using aqueous 
standard solution may be used for the analysis of 
sea water samples. When (NH,)H,PO, is em- 
ployed for sea water of high salinity, the standard 
addition method must be used, owing to the 
matrix effect observed with this chemical modifier. 
Finally, the peak-height measurement mode was 
found to be more adequate when palladium, both 
alone and combined with reducing agents, was 
used, because better detection limits and within- 
batch precision are observed. 
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Talanta 

Trace level voltammetric determination of manganese, iron and 
chromium in real samples in the presence of each other 

Clinio Locatelli 

Abstract 

The determination of manganese in the presence of iron and chromium by differential pulse voltammetry and 
fundamental harmonic alternating current voltammetry was compared, including the case of very high element 
concentration ratios. The voltammetric measurements were carried out using a stationary mercury electrode in 
ammonia-ammonium chloride buffer (pH 9.6). The analytical procedure was verified by the analysis of the standard 
reference materials Portland Cement BCS 372. Spectrographic Zinc Spelter NBS-SRM 631. Stainless Steel (AISI 321) 
NBS-SRM l2ld and Highly Alloyed Steel Eurostandard 28 I-l. Precision and accuracy, expressed as relative standard 
deviation and relative error respectively. were of the order of 3-5%. while the detection limit for each element was 
around 1 x IO-’ M. The standard addition technique improved the resolution of the voltammetric methods, within 
a maximum experimental error of 5%. even in the case of very high concentration ratios, that is outside the 
non-interference concentration ratios 69: I > cFe:cMn > l:74; 35:1 > cFe:cC.I- > I:30 and 63:l > (‘kc:(‘Mn > l:65: 32:l > 
~,+:c~~ > I:31 for the differential pulse and alternating current techniques respectively, extrapolating the linear section 
of the i, vs. concentration analytical calibration function for the element present at the lowest concentration. In 
contrast, the element with the greatest concentration was determined by the relevant calibration curve. 

Kqwwds: Voltammetry; Manganese: Iron; Chromium: Reference materials 

1. Introduction 

The simultaneous determination of several ele- 
ments at trace and ultratrace level concentrations 
in real matrices is one of the main aims of an 
analytical procedure, which however must always 
have both good selectivity and very high sensitiv- 
ity. In the metal determination, several techniques 
are employed such as neutron activation analysis. 
atomic absorption spectrometry, atomic emission 

spectrometry with inductively-coupled plasma ex- 
citation and X-ray fluorescence. Usually such 
techniques need enrichment steps and, further- 
more, as regards selectivity and sensitivity, often 
favour only one of these two aspects. For the 
above reasons, the voltammetric techniques ap- 
pear to be very suitable, versatile and rapid for 
multicomponent determinations, having good se- 
lectivity and sensitivity without requiring metal 
enrichments before the analytical measurements 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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[1,2]. In previous works [3,4] sensitive and selec- 
tive voltammetric methods were employed for the 
simultaneous determination of various elements in 
real matrices. The present work, regarding the 
determination of manganese in the presence of 
chromium and iron-these three elements are 
often present together in various real matrices-is 
the continuation of that endeavour. 

Manganese is an essential micronutrient: in fact 
it is very important in various biochemical cycles 
regarding man, animals and plants. In addition, it 
is present in a great deal of inorganic matrices, in 
which chromium and iron are also almost always 
present. Adsorptive stripping voltammetry was 
proposed for the determination of manganese in 
the presence of several interferents [5] and in real 
samples [6]. Also, differential pulse anodic strip- 
ping voltammetry was employed successfully for 
determining manganese in natural water [7-91 
and in sea water [lO,l 11. Finally, manganese was 
also determined in real matrices by a potentiomet- 
ric stripping technique [12], taking into account 
either interference problems [13] or batch and 
flow procedures [ 14- 161. 

In the literature a lot of papers, using PIPES 
together with a chelating agent as supporting 
electrolyte, appeared to determine the various 
metal species by adsorptive voltammetry. Often 
such a technique suffers the effects of interferent 
ions, either as peak overlaps or as voltammetric 
signal depression, with consequent sensitivity re- 
duction of the analytical method. In the specific 
case of manganese, employing PIPES and Eri- 
ochrome Black T as chelating agent, the presence 
of iron, chromium, nickel, copper, titanium. etc. 
produces considerable signal depression up to 
35% depending on their concentration. With re- 
gard to this, the results obtained by Wang and 
Mahmoud [5] have also been generally confirmed 
in our laboratory. For this reason a new selective 
and sensitive method has been set up to determine 
manganese, iron and chromium in real samples in 
the presence of each other, employing differential 
pulse voltammetry (DPV) and fundamental har- 
monic alternating current voltammetry (ACV); 
such analytical procedures require ammonia-am- 
monium chloride buffer (pH 9.6) as supporting 
electrolyte. 

2. Experimental 

2.1. Appurutus 

Voltammetric measurements were carried out 
with an AMEL Mod. 433 instrument employing, 
as working electrode, a hanging mercury drop 
electrode (HMDE) consisting of a glass capillary 
having an internal diameter of 0.1 mm and a 
cone-shaped tip. An AgjAgCl, KC1 sat. electrode 
and a platinum wire were used as the reference 
and auxiliary electrodes respectively. The voltam- 
metric cell was thermostatted at 25.0 + 5°C. The 
solution was deaerated with pure nitrogen for 
15 min prior to measurements, while a nitrogen 
blanket was maintained above the solution during 
the analysis. Standard additions were made with 
Gilson micropipettes with diposable plastic tips. 
The solutions were deaerated for 2 min after each 
standard addition. 

2.2. Reclgents und reference solutions 

All solutions were prepared with deionized wa- 
ter (Millipore, Milli-Q). Suprapure grade acids, 
ammonia and sodium hydroxide were used. Am- 
monia-ammonium chloride buffer solution (pH 
9.6) was prepared by mixing an appropriate 
amount of hydrochloric acid and ammonia solu- 
tions. Aqueous stock solutions of manganese, iron 
and chromium were prepared by dilution of the 
respective standard 1000 mg 1-l BDH solutions. 
The Teflon voltammetric cell was rinsed every day 
with suprapure concentrated nitric acid in order 
to prevent any contamination. 

The following standard reference materials were 
chosen for the analyses: Portland Cement BCS 
372, Spectrographic Zinc Spelter NBS-SRM 631, 
Stainless Steel (AISI 321) NBS-SRM 121d and 
Highly Alloyed Steel Eurostandard 28 1- 1. 

3. Results and discussion 

3.1. Aqueous refkrence solutions 

Prior to the analysis of standard reference 
materials, a preliminary study was carried out 
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employing aqueous reference solutions. The ex- 
perimental conditions are reported in Table 1. 
The solution pH affects the peak height of each 
element; the pH vs. i, behaviours of Mn, Cr and 
Fe (Fig. l), employing the differential pulse tech- 
nique, show that the best pH value compromise 
for all three elements is 9.6. When considering 
ACV the best analysis pH is also 9.6 (the pH vs. 
ir, behaviour is practically the same). The standard 
addition method was used for the measurements 
of the analytical calibration functions for both 
DPV and ACV (Tables 2 and 3). The correlation 
coefficient was found to be satisfactory in all 
cases, while the precision of the techniques, ex- 
pressed in terms of the residual standard devia- 
tion, was excellent (s, < 5%). Tables 2 and 3 also 
report the detection limits for each element. 

The simultaneous determination of manganese, 
iron and chromium was studied in a large range 
of concentration ratios of the components. More 
precisely, employing the experimental conditions 
of Table 1, the element concentration ratios, 
within which each single element could be deter- 
mined without mutual interference, were investi- 
gated. To a fixed, but very small, concentration of 

Table 1 
Experimental conditions for the determination of Mn, Fe and 
Cr by DPV and ACV. Supporting electrolyte: 1.0 M ammo- 
nia-ammonium chloride buffer (pH 9.6) 

Experimental 
condition a 

Method Mn, Fe, Cr 

4 
AE 

dJ 

ACV 
DPV 
ACV 

- 1.300 
IO 
50 
270 + 88 (Mn) 
270 + 83 (Fe) 
270 + 84 (Cr) 

f ACV 100 
dEjdt - 10 
r DPV 0.065 
I’ DPV 0.250 

a E, = initial potential (VSCE); AE = amplitude of alternating 
current voltage (ACV) and pulse (DPV) superposed (mV); 
4 = demodulation phase angle (degrees); f= frequency (Hz); 
dE/dt = potential scan rate (mV SK’); r = pulse duration (s); 
v = pulse repetition (s). 
Experimental peak potentials Ep (VSCE): - 1.665 & 0.005 
(Mn); - 1.495 k 0.005 (Fe); - 1.420 k 0.005 (Cr). 

iP 
WA) 

I 

0.3 - 

OZ-. 

O.l- 

I I I I I * 
8 3 10 11 PH 

Fig. 1. Behaviours (ip vs. pH) of Mn (curve 1). Fe (curve 2) 
and Cr (curve 3) with ammonia-ammonium chloride buffer 
(pH 9.6) as supporting electrolyte; c = 2.5 x IO-’ M for all the 
elements. Voltammetric technique: DPV. Experimental condi- 
tions: see Table 1. 

the element of interest, standard additions of the 
interfering element were added in such a way as to 
change their concentration ratios. Then the peak 
current values of the former element were com- 
pared to those determined by using the analytical 
calibration function of the individual element (cf. 
Tables 2 and 3) and the relative errors were 
calculated. Such errors are plotted in Figs. 2 and 
3. It is apparent that the determination of the 
metals is possible, within a maximum error of 5%, 
in the concentration ranges 69:l > cFe:cMn > 1:74, 
35:l > cFe:ccr > 1:30 and 63:l > cre:cNln > 1:65, 
32:l > cFe:cCr > 1:31 employing DPV and ACV 
techniques respectively. Such concentration ratios 
have also been confirmed by mono- and bivariate 
[3,4,17,19-211 analyses. In all cases, within the 
considered concentration ratios interval, the 
slopes of the statistical functions were practically 
equal to the analytical calibration function of the 
single element, and, moreover, the slope of the 
interfering element (bivariate analysis) was negli- 
gible, thus indicating non-interference between 
neighbouring species (Tables 2 and 3). The same 
Tables 2 and 3 also emphasize that there were no 
significant differences in the employment of the 
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E.ECTROLVTE: 1.0 M AMMONIA-AMMONIUM CHLORIDE RIJFFER 

e% Mn e% Fe 

I-- -I 

cFe.cMn cMn:cFe 

Fig. 2. Relationship between the metal concentration ratios (MniFe) and the relative errors in the determination of the element 
present at the lowest concentration. Supporting electrolyte: I .O M ammonia-ammonium chloride buffer (pH 9.6). AC: alternating 
current voltammetric technique: DP: differential pulse voltammetric technique. 

ELECTROLYTE: 1.0 M AMMONIA-AMMONIUM CHLORIDE BUFFER 

sn 50 

cFe:cCr ‘Xr:cFe 

Fig. 3. Relationship between the metal concentration ratios (Cr:Fe) and the relative errors in the determination of the element 
present at the lowest concentration. Supporting electrolyte: 1.0 M ammoniaaammonium chloride buffer (pH 9.6). AC: alternating 
current voltammetric technique; DP: differential pulse voltammetric technique. 
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two voltammetric techniques: DPV is slightly 
more sensitive than ACV. 

The most interesting aspect of the work con- 
cerns the determination of the metal with the 
lowest concentration and an unfavourable con- 
centration ratio as to the interferent species, that 
is, outside the concentration ratios interval where 
the regression function obtained from bivariate 
analysis of the data was valid. In this situation, 
bringing the concentration ratio within the inter- 
val valid for bivariate analysis by appropriately 
adding the standard solution of the metal with the 
lowest concentration was enough to determine the 
metal itself. In fact, the i, vs. concentration plots 
showed non-linear behaviour. A linear section 
was obtained when the concentration ratios at- 
tained values within the validity of the bivariate 
analysis. An extrapolation of this linear section 
permitted the evaluation of the metal content in 
the mixture with acceptable accuracy (behaviour 
as in Fig. 5 in the following section). The limit 
within which linearity prevails was statistically 
evaluated according to the method of Liteanu et 
al. [22] using the t-test criteria. 

3.2. Pructical applicution 

Once established for aqueous reference solu- 
tions, the method was transferred to real matrices 
in order to confirm the applicability of the analyt- 
ical procedure. 

Sumple preparation and analytical results 
Portland Cement BCS 372 was prepared ac- 

cording to Riley [23]. Approximately 0.1 g ce- 
ment, weighed accurately in a platinum crucible, 
was dissolved in 1 ml of 60% (m/m) perchloric 
acid, 3 ml of 40% (m/m) hydrofluoric acid was 
added, and the mixture was evaporated almost to 
dryness. After cooling, the soluble salts were dis- 
solved in 250 ml of 1.0 M ammonia-ammonium 
chloride buffer solution (pH 9.6). 

Spectrographic Zinc Spelter NBS-SRM 631, 
Stainless Steel (AISI 321) NBS-SRM 121d and 
Highly Alloyed Steel Eurostandard 28 l-l were 
prepared as described by Thomerson and Price 
[24]. According to the metal content of the stan- 
dard reference material employed, approximately 
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Table 5 
Analytical results” 
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Element Value 

Mn Certified (L/o) 

Determined (“Y0) 

e (%)b 

RSD (%)b 

Fe Certified (%) 

Determined (‘%) 

e (%I)~ 

RSD (“/‘@ 

Cr Certified (%) 

Determined (“A) 

e (%I)~ 

RSD (?‘$ 

Method Portland cement 
BCS 372 

Spectrographic 
Zinc Spelter 
NBS-SRM 631 

- 

DPV 
ACV 
DPV 
ACV 
DPV 
ACV 

DPV 
ACV 
DPV 
ACV 
DPV 
ACV 

DPV 
ACV 
DPV 
ACV 
DPV 
ACV 

0.6 x 10 - ’ 1.5 x 10-s 1.80 
(0.58 + 0.03) x 10 - ’ (1.54f0.55) x lo-? 1.74 f 0.07 
(0.56 + 0.04) x 10 ’ (1.44+0.82)x IO-’ 1.69kO.15 
-3.3 +2.1 -3.3 
-6.7 -4.0 -6.1 

3.5 3.8 2.8 
3.2 4.3 4.5 

2.49 
2.58F0.13 
2.60 ) 0.14 
+3.6 
+4.4 

2.8 
2.8 

0.5 x 10-Z 68.263 
(0.52 + 0.02) x IO ~’ 66.318 * 2.094 
(0.48 f 0.03) x 10 -’ 66.039 f 2.792 
+4.0 -2.8 
-4.0 -3.2 

4.3 5.1 
3.4 2.1 

1.0 x 1o-4 
(0.97 * 0.04) x 1o-4 
(0.97 * 0.02) x 1o-4 
-3.0 
-3.0 

4.2 
4.9 

Stainless Steel 
(AISI 321) 
NBS-SRM 12ld 

17.40 
18.32 k 1.17 
18.09 + 1.12 
+5.3 
+4.0 

3.9 
2.9 

Highly Alloyed 
Steel 
Eurostandard 281-I 

0.786 
0.818 * 0.035 
0.766 & 0.029 
+4.1 
-2.5 

3.6 
4.2 

70.307 
66.598 & 4.049 
73.439 f 3.211 
- 5.3 
+4.5 

3.2 
3.7 

18.17 
18.98 f 1.04 
17.55 & 0.91 
+4.5 
-3.4 

4.7 
2.6 

a Number of samples: 5. 
b e: relative error: RSD: relative standard deviation. 

0.1-0.3 g, weighed accurately in a platinum 
crucible, was dissolved in 1 ml of 37% (m/m) 
hydrochloric acid, and 1 ml of 69% (m/m) nitric 
acid was added. After the initial reaction had 
subsided, 2 ml of 60% (m/m) perchloric acid was 
added and the solution evaporated until the sam- 
ple was fully oxidized and fumes of perchloric 
acid appeared. After cooling, the soluble salts 
were dissolved in 250 ml of 1.0 M ammonia-am- 
monium chloride buffer solution (pH 9.6). The 
solutions were analyzed under experimental con- 
ditions listed in Table 1. 

Table 4 shows the slopes of the analytical cali- 
bration functions calculated in the real samples 
for each element, together with those determined 
in the aqueous reference solutions (cf. Tables 2 
and 3). Their comparison emphasizes that, in all 
cases, no matrix interferences were present, there 
being no significant differences at 5% error level. 

The simultaneous determination of Fe, Mn and 
Cr was not difficult in the cases of the Portland 
Cement BCS 372-in such a matrix Cr is not 
present-and the Stainless Steel (AISI 321) NBS- 
SRM 121d, since the concentration ratios in the 
sample solution did not exceed the values of 
reciprocal interference at the 5% error level re- 
ported above. Then, each element was determined 
by the respective calibration curves (cf. Tables 2 
and 3). The analytical results are listed in Table 5. 

Spectrographic Zinc Spelter NBS-SRM 63 1, 
however, contains an excess of Fe, which inter- 
feres with the chromium peak (cFe:ccr = 46.6). 
The subsequent chromium standard additions en- 
abled the analytical calibration function to show 
linear behaviour as soon as the concentration 
ratio cFe:ccr equal to 35 and 32 for DPV and 
ACV respectively was attained. An extrapolation 
of this linear portion allowed the determination of 
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Fig. 4. Ditferential pulse voltammogram of the sample of Highly Alloyed Steel Eurostandard 28 l-l. I : Cr (peak anodic side); 2: Fe 
(peak catohodic side): 3: peak of Mn. Experimental conditions: see Table I. 

i 
1.0 1.0 1.0 1.0 2.0 2.0 3.0 3.0 

CM,, (Mx104) CM,, (Mx104) 

Fig. 5. Analytical calibration function of Mn in Highly Alloyed Steel Eurostandard 281-l. Voltammetric techmque: ditferential pulse 
voltammetry. Experimental conditions: see Table 1. 
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chromium, while iron and manganese were deter- 
mined using the respective analytical calibration 
functions (Tables 2 and 3). 

The manganese determination was also difficult 
for the Highly Alloyed Steel Eurostandard 281-I 
(~Fe:%l” = 88.1 vs. a maximum concentration ra- 
tio equal to 69), but, employing the same method 
described above, it is possible to evaluate the 
metal content and Figs. 4 and 5 show, as exam- 
ples, the relevant differential pulse voltammogram 
and the manganese analytical calibration func- 
tion. In this case, manganese (Fig. 4, peak 3). 
being outside the non-interference concentration 
ratio interval, has been determined by extrapolat- 
ing the linear section of the i, vs. concentration 
fitting (Fig. 5). Chromium and iron (Fig. 4, peaks 
1 and 2), however, were determined by the respec- 
tive analytical calibration curves (cf. Tables 2 and 
3), since the concentration ratio is inside the non- 
interference interval (cFe:ccr = 3.9). The experi- 
mental data fall in the confidence interval of the 
certified values for each element of the standard 
reference materials (cf. Table 5). The precision of 
the analyses, expressed as relative standard devia- 
tion, and accuracy, expressed as relative error, 
were less than 5% in all cases, confirming the 
validity of the proposed method. 

It can be concluded that an appropriate em- 
ployment of voltammetric techniques, supporting 
electrolytes and the standard addition method can 
be a selective and sensitive procedure, suitable for 
a multicomponent determination in real samples. 
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Abstract 

Sodium di-n-propyldithiophosphinate has been proposed as a reagent to improve the sorption properties of 
activated carbon. The conditions for sorption concentration and separation of bismuth from aqueous solutions were 
studied. Possibilities for desorption and subsequent determination of bismuth by atomic emission spectroscopy with 
inductively-coupled plasma were shown. 

Kepwds: Bismuth: AES-ICP: Preconcentration; Carbon 

1. Introduction 

Activated carbon is widely used as a sorbent for 
concentrating micro-impurities. Its sorbtion prop- 
erties can be improved by adding complexing 
compounds. Very few complexing agents to be 
used together with activated carbon are given in 
the literature. The reagents proposed are dithi- 
zone and sodium diethyldithiocarbamate but they 
have some disadvantages such as low stability of 
the reagent solutions and the fact that they reduce 
the degree of extraction of some elements [l]. 
Pre-concentration of bismuth, lead and cadmium 
for their determination in sea water was carried 
out by sorption of the respective diethyl- and 

* Corresponding author. 

di-n-propyldithiophosphate complexes [2,3] on ac- 
tivated carbon. Ammonium diethyldithiophos- 
phate and activated carbon were used in the 
analysis of pure aluminium and gallium [4]. 
Dithiophosphinic acids are compounds having the 
same functional group as dithiophosphoric acids 
and form complexes with a great number of ele- 
ments (at various pHs and under different condi- 
tions) [5]. The alkali salts of dithiophosphinic acid 
are stable in acid medium and in storage. In the 
literature the most frequently proposed methods 
for determination of elements after being concen- 
trated are atomic absorption spectroscopy and 
spectrophotometry. 

In order to expand the range of organic com- 
pounds suitable for sorption concentrating, the 
conditions and possibilities of sorption concen- 

0039.914Oi96;%15,00 0 1996 Elsevier Science B.V. All rights reserved 
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trating and separating of small amounts of bis- 
muth from solutions by means of sodium di-n- 
propyldithiophosphinate and activated carbon 
and its subsequent atomic emission spectroscopy- 
inductively-coupled plasma (AESICP) determi- 
nation were studied. 

2. Experimental 

A solution of 5 x 1O-2 M Bi was prepared by 
dissolving Bi(NO,)“S Hz0 (Fluka) in 1 M HNO,. 
The exact concentration was determined by com- 
plexometry using EDTA [6]. Sodium di-n-propyl- 
dithiophosphinate was synthesized by a known 
procedure [7], and the purity was controlled by 
thin layer chromatography [S]. Aqueous solutions 
with a concentration of 5 x 10 ml M were used 
The activated charcoal, pure granular form 
(Riedel-de-Haenag, Seelze Hannover) was treated 
before use as follows: activated charcoal granules 
were ground to powder in a china mortar, treated 
with HCI (1: l), filtered through a fritted glass 
filter and rinsed with doubly-distilled water until 
the pH was 7. It was dried in a drying furnace at 
60°C [2]. 

The required pH of the solution was achieved 
using the following buffer systems [9]: universal 
buffer mixture (0.04 M solutions of acetic, boric 
and phosphoric acids. and a 0.04 M solution of 
sodium hydroxide); the system of aminoacetic 
acid-O.1 M HCl; acetate buffer; borate buffer. All 
the reagents used were of analytical grade. 

Spectral grade dichlorethane (Merck) was used 
for extraction. 

The abosrption of the extracts was read on a 
Specord UV VIS (K. Zeiss) spectrophotometer; 
pH of the solutions was measured with a pH 
meter (Radelkis 208). 

The analysis of the solution obtained after the 
respective treatment of the activated carbon was 
done on a AES-ICP instrument (Spectra flame, 
Spectra Analytical Instruments), with quartz 
plasma-torch and a Cross-Flow pulverizer. Air 
light optics and a monochromatic system were 
used. The bismuth analytical signal was measured 
at 2 = 223.049 nm. The optimal instrumental 
parameters were E = 1 kW; Neb = 2.4 bars: 

Aux = 0.8 1 min ‘; Cool = 17 1 min-‘; peristaltic 
pump with a sample consumption of I ml min ‘. 

The content of bismuth in the aqueous phase 
was determined by EAAS with Zeeman correction, 
with a Perkin-Elmer 5100-Zeeman spectrophoto- 
meter with AS-40. The determination was carried 
out directly: 20 ml of the solution was dosed with 
AS-40 in a graphite furnace equipped with a 
pyrolith platform of Lvov. Parameters of the anal- 
ysis: a nullode Bi = 8 mA; wavelength = 223.0 nm; 
slit = 0.2; integration time = 3 s; non-selective ab- 
sorption corrector = Zeeman. 

The procedure for adsorption concentration of 
bismuth on activated carbon with the aid of 
sodium di-n-propyldithiophosphinate was as fol- 
lows. A portion of the standard solution of bis- 
muth (20- 150 ug) was placed in a beaker of 
300 ml. It was diluted up to 100 ml with buffer 
solution or water (pH l-7). A reagent solution in 
a quantity relevant to the proportion Bi:L = 1:lO 
and 0.05g of activated carbon were consecutively 
added. The mixture was left to stand for 30 min, 
being stirred at regular intervals, and then filtered. 
The desorption of bismuth di-n-propyldithiophos- 
phinate was carried out by treating the activated 
carbon with nitric acid (1:3) [2] and the analysis of 
the solution was done on a AES-ICP instrument. 
The content of bismuth in the filtrate was deter- 
mined by EAAS or by extraction with 10 ml 
dichloroethane. 

3. Results and discussion 

As pointed out in the literature, the most appro- 
priate element in studying adsorptioin processes is 
the one that shows amphoteric properties [lo]. A 
selection of elements with these properties, allow- 
ing one to study the adsorption over a wide range 
of acidity led us to the study of bismuth. When 
a solution of bismuth and an aqueous solution 
of di-n-propyldithiophosphinate are mixed, a 
yellow precipitate soluble in organic solvents is 
obtained. In the electronic spectrum of a 
dichloroethane solution of the complex there are 
two clearly pronounced maxima, at 340 and 
420 nm (Fig. 1). Kabanova et al. [I l] studied the 
interaction between bismuth and sodium di- 
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Fig. I Absorbance spectrum of bismuth di+-propyldithio- 

phosphinate in dichloroethane. 

ethyldithiophosphinate and found the conditions 
for extraction-spectrophotometric determination 
of this element. Sodium di-n-propyldithiophosphi- 
nate can be expected to have similar behaviour, 
because the length of its alkyl radical carbon chain 
is not much different from that of diethyldithio- 
phosphinate. The optimal acidity for complexa- 
tion to take place was experimentally determined 
to be pH l-6. The buffer composition exerts a 
certain effect. The universal buffer was found to be 
appropriate. A ten-fold excess of reagent and 1 
min extraction at a ratio of water phase to organic 
phase of 1: 10 and 1:20 are needed. The bismuth 
determination limit established in this way was 
l-20 pgml-‘. The study of the possibility of 
extracting bismuth with sodium di-n-propyldithio- 
phosphinate allows the control of its content in 
the aqueous phase after the adsorption. The dis- 
tribution coefficient and extraction degree in 

Depending on the acidity of the medium the 
ions of the elements were adsorbed on activated 
carbon to a different degree. In strongly acid 
medium the adsorption was negligible. For this 
reason, the adsorption of the element without 
addition of the reagent was studied before the 
adsorption of the complex of bismuth with 
sodium di-n-propyldithiophosphinate on acti- 
vated carbon. The results showed that the process 
is strongly dependent on the composition of the 
aqueous phase. In the pH range l-9, achieved 
with the buffers mentioned above, the degree of 
adsorption did not exceed 75%. When the acidity 
of the medium was adjusted with solutions of 
hydrochloric acid and ammonium hydroxide, the 
degree of adsorption was 80-90%. Besides the 
acidity of the medium the effect of the amount of 
bismuth and sodium di-n-propyldithiophosphi- 
nate as complexing agent were also studied (Table 
I). The results obtained agree with those in the 
literature for Cu, Fe and Ni [12]. For quantitative 
evaluation of adsorption we have determined q [2] 
by the formula: 

m 

where C,, is the total concentration of Bi in the 
water phase, C, is the equilibrium concentration 
of Bi in the water phase after adsorption, V is the 
volume of the water phase and tn is the mass of 
the activated carbon. 

The above-mentioned procedure was also used 
in the study of the adsorption of bismuth on 

Table I 

Adsorption of bismuth on activated carbon (pH = I: I’= 300 ml: 111 = 0.05 g, complexing agent = sodium di+propyldithiophosphi- 

nate) 

dichloroethane have been calculated (log D = 2.3; 
R = 99.50). 

Bi content in the solution 

analyzed (pg) 

Content on activated carbon Content on the activated carbon 

without complexing agent with complexing agent 

Bi (~9 IO’q (mm01 g-l) Bi (r-is) IO’q (mm01 gg’) 

100 80 7.8 100 9.6 
200 I20 II.4 200 19.2 
300 134 12.6 300 28.8 

400 I50 14.4 400 38.4 
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activated carbon in the presence of the proposed 
organic reagent. In the literature there are two 
methods proposed. One of them requires the com- 
plex compound to be prepared first and then 
adsorbed on activated carbon. In the second, the 
activated carbon is modified with a complexing 
reagent before contact with the ions of the metal. 
We used the former method which ensures a 
greater excess of the reagent and a quantitative 
completion of the complexation process. 

The adsorption of bismuth on activated carbon 
in the presence of sodium di-n-propyldithiophos- 
phinate was studied at pH l-9. Though the com- 
plexation with alkali dithiophosphinate takes 
place at pHs up to 7, the adsorption process was 
studied in the alkali region in order to find 
whether adsorption of bismuth hydroxide was 
possible. The results suggest that the quantitative 
extraction is achieved at a pH of the aqueous 
phase up to 7, accompanied by a significant effect 
of the buffer composition. Preference should be 
given to buffer systems free from organic com- 
pounds. The quantitative extraction of bismuth 
ions from the aqueous phase is possible at the 
milligram level too. An amount of 0.05 g of acti- 
vated carbon was found to be sufficient for extrac- 
tion of microgram levels of bismuth from an 
aqueous phase of up to 500 ml under the above- 
mentioned experimental conditions. The adsorp- 
tion time, with occasional stirring, was 15-30 min. 
The ionic strength of the aqueous phase had an 
effect on the degree of extraction of the bismuth 
complex. The increase in the ionic strength leads 
to a decrease in the degree of extraction regardless 
of the composition of the electrolyte-sodium 
chloride, ammonium chloride, sodium sulphate 
and sodium nitrate. 

Various methods for metal chelate desorption 
from activated carbon have been pointed out in 
the literature. Some of them do not involve de- 
struction of the comlex adsorbed. Attempts to 
extract bismuth di-n-propyldithiophosphinate by 
treating activated carbon with an organic solvent 
which dissolves the complex well, such as CC14, 
C2H4Cl,, and CHCl,, did not give a good result. 
This shows that bismuth dithiophosphinate is ad- 
sorbed and not mechanically held on the activated 
carbon. Another method for metal chelate desorp- 

Table 2 
Desorption of [(17-CqH7)2PSS]1Bi with EDTA 

Bi (m) R(X) 

Taken Found 

50.0 34.7 69.5 
100.0 57.1 57.1 
150.0 77.4 51.6 

tion from activated carbon involves a competitive 
complexation by adding a reagent to the activated 
carbon collector which forms more stable com- 
plexes than the respective chelates. The new com- 
plexes obtained are not adsorbed on activated 
carbon [I 31. Such reagents are the metal com- 
plexonates with EDTA and DTPA. Usng a proce- 
dure proposed by the authors, the possibility of 
desorption of bismuth di-n -propyldithiophosphi- 
nate with a solution of EDTA was studied. The 
amount of bismuth after the desorption was de- 
termined by AES-ICP (Table 2). An appropriate 
method for desorption by treating the activated 
carbon with nitric acid was proposed [2,14- 161. 
Experiments for desorption of bismuth dithio- 
phosphinate were carried out by this procedure 
(Table 3) [l]. The most appropriate reagent for 
this purpose was nitric acid at a concentration of 
1:3. 

The concentration of bismuth ions by the pro- 
cedure proposed is also possible with an aqueous 
phase volume of 500ml. 

The alkaline and alkali earth elements as well as 
Al which does not form complexes with the 
sodium di-n-propyldithiophosphinate have no in- 
terfering effect. Cu, Ag and Hg do have an inter- 

Table 3 
Desorption of [(n-C,H,)2PSS],Bi with nitric acid 

Bi (a) R(‘X,) 

1.390 HNO, I:3 HNOl I:1 HNO, 

20.0 94.0 99.8 81.2 
40.0 88.0 98.9 83.1 

100.0 89.5 96.7 85.4 
150.0 84.0 97.9 81.4 
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fering effect because they form the most stable 
complexes with the complexing agent. The effect 
of other coexisting metal ions has not been stud- 
ied in detail but a possibile interfering action can 
be avoided by selecting an appropriate acidity of 
complexation. 
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Abstract 

The distribution behavior of ion associates of PtCli- with quaternary ammonium cations (Q’) between aqueous 
phase and two organic phases (chloroform and carbon tetrachloride) was examined, and the extraction constants 
(log K,,) were determined. A linear relationship was found between log K,, and the total number of carbon atoms in 
Q’; from the slope of the line, the contribution of a methylene group to log K,, was calculated to be 0.6. The 
extractability with alkyltrimethylammonium cations was larger than that with symmetrical tetraalkylammonium 
cations. From the extraction constants obtained, an extraction method based on the ion association of PtCl g- with 
Q’ can be used for the separation and determination of platinum at the 10ph M level. 

Keywords: Liquid-liquid distribution: Hexachloroplatinate(IV); Quaternary ammonium ion 

1. Introduction 

An extraction of platinum from an aqueous 
halide medium into an organic solvent has been 
frequently used for both the separation and spec- 
trophotometric determination of platinum. Spec- 
trophotometric methods for the determination of 
platinum by an extraction into nitrobenzene as an 
ion associate formed between a 1 ,lO-phenanthro- 
line-iron(I1) chelate cation and a hexachloroplati- 
nate(IV) anion [l], and by a dissolution of an ion 
associate of a platinum(IV)-chloro complex with 

* Corresponding author 

Crystal Violet precipitated by flotation with ben- 
zene in ethanol [2] have been reported. Mirza [3] 
studied an extraction of platinum metals with 
tri-iso-octylamine from hydrochloric and hydro- 
bromic acids, and methods were devised for a 
separation of gold from platinum and its determi- 
nation and also for the simultaneous determina- 
tion of palladium and platinum. Hara et al. [4] 
investigated a solvent extraction of gold and plat- 
inum by zephiramine (tetradecyldimethylbenzyl- 
ammonium)-iodoaurate(II1) or iodoplatinate(IV) 
-chloroform systems, which were used for a pre- 
treatment in the simultaneous atomic absorption 
spectrometric determination of gold and plat- 
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Table I 
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Salts of quaternary ammonium cations examined 

Salt (abbreviation) Formula Supplier .’ Purity (‘!/;i) 

Tetraalkylammonium salts 
Tetrabutylammonium chloride 

PA) 
Tetraamylammonium chloride 

(TAA) 

Alkyltrimethylammonium salts 
Octyltrimethylammonium 
chloride (OTMA) 
Decyltrimethylammonium 
chloride (DTMA) 
Dodecyltrimethylammonium 
chloride (DDTMA) 
Tetradecyltrimethylammonium 
chloride (TDTMA) 
Cetyltrimethylammonium 
chloride (CTMA) 
Stearyltrimethylamonium 
chloride (STMA) 

Alkyldimethylbenzylammonium salts 
Tetradecyldimethylbenzyl- 
ammonium chloride (Zeph) 

(C,H,,),NCl 

C,H,,NCH,KI 

C,,,H,,N(CH,),CI 

C,,H25N(CH3),Cl 

C,,H,,NCH,h’J 

C,,H,,N(CH,),CI 

C,,H,,N(CH,),CI 

A 

B 

c 

>98 

r95 

298 

b-95 

L-98 

>95 

>97 

>98 

.‘A. Tokyo Kasei Co.. Ltd.; 9. Wako Pure Chem. Ind.: C, Dojindo Laboratories. 

inum. Several aspects of the extraction of a platin- 
um(IV)chloro complex by salts of trioctylamine 
and organic acids [5], alcohols [6] and tribut- 
ylphosphate [7] from hydrochloricsulphuric acid 
solutions, NTAB-182 from hydrochloric acid so- 
lution [8], a mixture of amines and organophos- 
phoric acids [9], and high molecular weight 
amines [lo] have also been reported. 

In the present work, the authors studied the 
extraction of ion associates of hexachloroplati- 
nate(IV) anion with various quaternary ammo- 
nium cations (Q’) and proposed an extraction 
method for the separation and determination of 
platinum by using Q’ as counter ions of hexa- 
chloroplatinate( IV). 

2. Experimental 

2.1. Appututus 

A Japan Spectroscopic (Uvidec-430) spec- 
trophotometer was used for recording spectra and 

absorbance measurements in quartz cells of 
10 mm light pathlength. An Iwaki (Model V-SX 
type KM) shaker was used for horizontal shaking 
of the 25 ml stoppered test-tubes for extraction. 
An Iwaki (Mode1 V-DN type KM) shaker was 
used for vertical shaking of the 50 ml separatory 
funnel for extraction. 

2.2. Reugents 

A standard platinum(IV) solution (1.03 x lop4 
M) was prepared by diluting 4 ml of a 1000 ppm 
standard platinum(IV) solution (5.13 x 10e3 M 
hydrogen hexachloroplatinate(IV) in 1 N hy- 
drochloric acid solution, Wako Pure Chem.) to 
200 ml with 1 N hydrochloric acid solution. 

Quaternary ammonium ion (Q’) solutions were 
prepared from the salts listed in Table 1, which 
were dried under reduced pressure. Accurately 
weighed amounts of the dried salts were dissolved 
in distilled water to give stock standard solutions, 
which were diluted before use. 



Commercially available chloroform was used 
without further purification, and was saturated 
with distilled water before use. 

All of the reagents were of analytical-reagent 
grade and were used without further purification. 

2.3. Stcdd procedurc~ jtir stoic,hionletr~ 

mrusuremrnt 

chloroplatinate(IV) ion was at 262 nm, where the 
absorbance of the reagent blank was negligibly 
small. A calibration graph obtained for platinum 
was linear over the O-4.1 x lops M range. The 
molar absorptivity for platinum was about 
2.4 x lo41 mol-’ cm-’ at 262 nm. 

3.2. Eflkct of’ c.onditions 

Two milliliters of a 1.03 x 10 ~’ M platinum 
(IV) solution were transferred to a 25 ml stop- 
pered test-tube; then 1 ml of a 3 N hydrochloric 
acid solution and an appropriate amount of 
aqueous quaternary ammonium salt solution were 
added. The solution was diluted to 5 ml with 
distilled water. This brought the ionic strength to 
1.0. The aqueous solution was mechanically 
shaken with 5 ml of an extracting solvent for 
40 min at 25°C. After phase separation, the ab- 
sorbance of the aqueous phase was measured at 
262 nm against distilled water as a reference; the 
concentration of platinum in the aqueous phase 
was then calculated from the molar absorptivity 
of the hexachloroplatinate(IV). 

A 44 ml portion of a sample solution contain- 
ing platinum up to 4.66 x lo-” M and 1 N 
hydrochloric acid was transferred to a separating 

5.13 x 10 -’ M hydrogen hexachloroplatinate- 
(IV) stock solution (in 1 N hydrochloric acid solu- 
tion) was diluted 50 times with distilled water, 0.5 
M sulphuric acid and 1 N hydrochloric acid to 
prepare a 1.03 x 10 m4 M standard platinum(lV) 
solution. In both distilled water and 0.5 M sul- 
phuric acid, the absorbance at 262 nm in the 
aqueous solution gradually decreased as the time 
after preparation passed. In 1 N hydrochloric 
acid, the absorbance remaind constant. Therefore, 
I M chloride was used for the formation of the 
hexachloroplatinate(IV) ion. 

In the aqueous phase, platinum(W) reacts with 
chloride to form PtCli This complex anion dis- 
tributes between the aqueous and organic phases: 

PtCl; + 2Q+ ti ((Q + 12 PtCI; LB (1) 

funnel (about 65 ml). To this 4 ml of a 1.5 i 
hydrochloric acid solution and 2 ml of 
6 x 10 ’ M tetraamylammonium chloride (TAA) 
solution were added. To this mixture, 5 ml of 1 

chloroform was added: the funnel was then l.O- 

shaken for 40 min. After phase separation, the E 

absorbance of the organic phase was measured at 9 

269 nm against chloroform. 
t 
", 0.5- 

2 

3. Results and discussion 

3.1. Absorption spectrcr 

0 I I 
200 250 300 350 400 450 

wavelength/m 

The absorption spectra of the hexachloroplati- 
nate(IV) ion in aqueous solution are shown in 
Fig. 1. The maximum absorbance of the hexa- 

Fig. I. Absorption spectra of the platmum(IV) chloro com- 
plcx in water. Platinum(lV): (I) 4.1 x IO- ’ M. (2) 0 M: chlo- 
ride ion. I M; reference, distilled water. 



and 

K,., = [(Q’ I2 PtCl;-],,,/[Q+]2[PtCl~-] (2) 

where KC, is the extraction constant; the sub- 
script “erg” refers to the organic phase and the 
absence of a subscript indicates the aqueous 
phase. The distribution ratio of platinum be- 
tween the aqueous and organic phases (Dpt) is 
given by 

D 
PL 

= t(Q+), PtCl:-lo,, 
[PtCli-] (3) 

Hence, the following equation can be derived 
from Eqs. (2) and (3): 

D,, = K,, [Q’]’ (4) 

where 

log D,,, = log K,, + 2 log[Q+] (5) 

The side-reaction coefficient for the quaternary 
ammonium ion (r(Q+(Cl-)) is given by 

Jc(Q~(c] -)) = m = [Q’l + [Q’ c1-1,,, 
[Q’l Q’l 

= 1 + K,,(Q+ . Cl -) [Cl -1 (6) 

where [Q’]’ is the total concentration of the 
quaternary ammonium ion that is not bound in 
ion associates with hexachloroplatinate( IV), and 
K,,(Q+ Cl-) is the extraction constant of a 
quaternary ammonium ion with a chloride ion. 
[Q’] can be calculated by 

slope=2 

logCQ+l ' 
b 

Fig. 2. Plots of log LIP, vs. log[Q+]. Q’: I (3) Zeph, 2 (a) 
STMA, 3 (0) CTMA, 4 (n) TDTMA, 5 (c7) DDTMA, 6 (0) 
DTMA. 7 (2) OTMA, 8 (0) TAA, 9 (~5) TBA; extracting 
solvent: chloroform. 

3.4. Relutionship between the rxtruction constants 
und the number of curbon utoms in the 
yuaternury ammonium ion 

The values of the extraction constants (log K,,) 
were plotted against the number of carbon atoms 
in the quaternary ammonium ion (A’,.). The 
results obtained for chloroform and carbon 
tetrachloride extraction systems are shown in 
Figs. 4 and 5 respectively. For the same carbon 
number, the extractability (log K,,) with long- 

IQ’] = [Q+l’idQ+(Cl-1 (7) 

In the extraction for hexachloroplatinate(IV), 
the distribution ratios of platinum at different 
concentrations of the quaternary ammonium 
ions were determined. The values of log D,, 
were plotted against log[Q+]. The results ob- 

(4) 
(6) ' 

slope=2 

tained for chloroform and carbon tetrachloride 
are shown in Figs. 2 and 3 respectively. The 
plots for all quaternary ammonium cations 
were linear with slopes equal to two, calculated 
by the least-squares method. This means that 
the extraction equilibrium shown in Eq. (1) 
holds and that the extracted species was 
(Q+& PtCIi-. The extraction constants calcu- 
lated from Eq. (5) are summarized in Table 2; 

(3) log[Q+l 6 
: 

(5) -0.5- 

Fig. 3. Plots of log D,, vs. log[Q+]. Q’: 1 (LI) STMA, 2 (0) 
CTMA. 3 (0) TDTMA, 4 (C) DDTMA, 5 (0) DTMA, 6 

the standard deviation is very small. (a) TAA; extracting solvent: carbon tetrachloride. 
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Table 2 
Extraction constants (log K,,) obtained between aqueous and 
organic phases 

15 

t 

1' 

1’ 
I / I 

Q’ cation Extracting log 4, 
solvent “ 

ptc1; h cl- ‘ 

TAA CTC 5.01 *0.01(6) 
DTMA CTC 4.49 -t 0.06(7) 
DDTMA CTC 7.04 + 0.02(6) 
TDTMA CTC 9.02 * 0.04(7) 
CTMA CTC 10.24 F O.Ol(5) 
STMA CTC 9.68 F 0.08(4) 
TBA CF 6.04 2 0.03(5) 
TAA CF 11.36 + 0.06(6) 
OTMA CF 4.22 * 0.023) 
DTMA CF 6.49 + 0.02(4) 
DDTMA CF 8.97 & 0.03(4) 
TDTMA CF I I.39 * 0.03(5) 
CTMA CF 13.97 FO.Ol(4) 
STMA CF 15.95 + 0.09(j) 
Zeph CF 16.11 +_0.02(7) 

-5.18 
-8.11 
- 6.93 
-5.75 
-4.51 
-3.60 

0.16 
2.52 

- 1.59 
-0.41 

0.77 
I .95 
3.13 
4.10 
4.68 

.’ Solvent: CTC, carbon tetrachloride; CF. chloroform. 
h Mean value + standard deviation. The figures in parentheses 
are the numbers of measurements. 
‘Ref. [II]. 

b 

I , I I 
10 15 20 

Number of carbon atoms 

Fig. 4. Relation between log K,, and number of carbon atoms 
in the quaternary ammonium ion. Alkyltrimethylammonium 
cations (0): (a) STMA. (b) CTMA. (c) TDTMA. (d) 
DDTMA, (e) DTMA. (f) OTMA; tetraalykylammonium 
cations (‘2): (g) TAA. (h) TBA; extracting solvent: chloro- 
form. 

I 

I I 

15 20 

Number of carbon atoms 

Fig. 5. Relation between log &A and number of carbon atoms 
in quaternary ammonium ion. Alkyltrimethylammonium 
cations: (a) STMA, (b) CTMA. (c) TDTMA, (d) DDTMA, (e) 
DTMA; extracting solvent: carbon tetrachloride. 

chain alkyltrimethylammonium cations (group I) 
is larger than that with symmetrical tetraalky- 
lammonium cations (group II) for the chloro- 
form extraction system, and the difference in 
log Kx values between these groups is about 
3.9 for an identical carbon number. This indi- 
cates that the electrostatic attraction of the 
cations in group I for the anionic complex is 
larger than that of the cations in group II. In 
the log &,-NC plot for the carbon tetrachloride 
extraction system, the points for the quaternary 
ammonium ions having more than 17 carbon 
atoms (group I-II) deviate from the straight 
line for those up to 17 (group I-I), which may 
be because the increment in spread of the hy- 
drophobic alkyl chain of the cations in group 
IL11 is smaller than that of the cations in 
group I-I. The slopes of all the lines in Figs. 4 
and 5 were identical, and by dividing the slope 
by two, the contribution of a methylene group 
to the extraction constants (log K,,) was 
found to be about 0.6 on average, in good 
agreement with the value previously reported 
[12-161. 



0.8 t 

0 

(7). This extraction constant agrees closely with 
that given in Table 2. Experimentally platinum 
could be extracted almost quantitatively into chlo- 
roform under the experimental conditions de- 
scribed above. Fig. 6 shows the absorption spectra 
of the ion associate [(TAA+)z. PtCli-] and of the 
reagent blank in chloroform obtained by the rec- 
ommended procedure. This proposed method can 
be applied to the determination of trace amounts 
of platinum up to 4.1 x 10dh M by measuring the 
absorbance at 269 nm. This extraction procedure 
can be used for the separation and determination 
of platinum. 

References 
200 300 

wavelength/rim 

400 

Fig. 6. Absorption spectra of the ion associate of hexachloro- 
platinate(lV) with TAA in chloroform. Volumes of the 
aqueous and organic phases were 50 ml and 5 ml respectively; 
initial concentrations in aqueous phase of platinum(lV): (I) 
4.1 x IOmh M, (2) 0 M, TAA 2.4 x IO-” M. chloride ion I M; 
reference, chloroform. 

3.5. Separation und determination of’ plutinum 
bawd on thr formution of un ion ussociutr of 
hrxachloroplatinute(IV) tvith quuternur) 
ummonium cutions 

For example, we consider the chloroform ex- 
traction of the ion associate of PtCli- with TAA, 
in which the initial concentrations of platinum, 
TAA and chloride ion are 4.1 x lop5 M, 
2.4 x 1O-3 M and 1 M respectively, and the vol- 
umes of the aqueous and organic phases are equal. 
For more than 90% of the platinum to be ex- 
tracted into the organic phase, the logarithm of 
the extraction constant must be greater than 11.3. 
which can be calculated by using Eqs. (2) (6) and 
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Abstract 

The complex formation between Mn(II) cations and N, anions was studied in aqueous medium at 25°C and ionic 
strength 2.0 M (NaClO,). Data of average ligand number, ~7 (Bjerrum’s function), were obtained from pH 
measurements on the Mn(I1):N.c iHN, system followed by integration to obtain Leden’s function, F,,(L). Graphical 
treatment of data and a matrix solution of simultaneous equations have given the following overall formation 
constants of mononuclear stepwise complexes: b, = 4.15 + 0.02 Mm ‘, pz = 6.61 + 0.04 MP’, ,8? = 3.33 + 0.02 MP’, 
b4 = 0.63 4 0.01 MP4. A linear plot of log K,, vs. (n - 1) shows no change in the configuration during complex 
formation. Slow spontaneous oxidation of solutions to Mn(II1) occurs when the NT concentration is greater than 
1.0 M. 

Kcytwds: Complex formation; Manganese; Azide 

1. Introduction 

Studies of azide complex formation with several 
metal ions, such as Co(I1) [l], Co(III) [2], Cu(II) 
[3], Ni(II) [4], Fe(II1) [5] and U(V1) [6], have been 
done by our research group in recent years, with 
special interest in determining the stability con- 
stants and analytical applications. 

Some of our studies were concentrated on the 
autoxidation of Co(I1) azide complexes induced 
by S(IV) in order to develop one alternative 
method for analytical determination of S(IV) of 

* Corresponding author. Fax: (55) 01 I-815-5579 

environmental interest [7-131. 
The complexes of Co(I1) formed in aqueous 

solutions of N;/HN, buffer were slowly oxidized 
to a mixture of complexes of Co(II1) by dissolved 
oxygen, with a marked colour change from blue 
to brown-yellowish. It has been found by Senise 
[13] that WV), as SO,, HSO, or SO:-, acceler- 
ates these oxidation processes significantly instead 
of hindering them, leading to a spot-test. 

The synergistic effect of Mn(I1) on sulfite au- 
toxidation of metal ions was investigated for the 
Co(II)/N, and aquated Fe(I1) systems [2]. The 
results indicate that Mn(I1) has a significant cata- 
lytic effect, but that the synergistic effect actually 

0039-9140/96,1$15.00 ‘0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01716-X 



occurs in the presence of Co(Il1) and Fe(II1) 
respectively. These metal ions, in the oxidation 
state (III), can rapidly oxidize sulfite to SO; 
radical, which in turn initiates a series of free 
radical propagation reactions in which sulfite is 
oxidized by the dissolved oxygen to mainly sul- 
fate. 

A thorough study of the mechanism of the 
autoxidation of Mn(I1) and Co(I1) azide com- 
plexes and Fe(I1) in aqueous solutions was done 
by some of the authors [9%12]. 

The determination of the stability constants of 
Mn(II)iN, complexes brings additional informa- 
tion about the distribution complex species, ac- 
cording to the azide concentration, and more 
contributions to the elucidation of the above syn- 
ergistic effect of Mn(I1). 

2. Experimental 

2.1. Regents UK/ standud solutions 

All reagents were of AR or CP specification 
(Merck or Fluka Chemie A.G.). 

Sodium azide solution was prepared directly 
from the salt. Standardization was carried out by 
adding a known volume of standard sulfuric acid. 
boiling to remove volatile hydrazoic acid (HN,) 
and then back titrating with standard sodium 
hydroxide solution. 

Sodium perchlorate solution, used for making 
up the ionic strength of working solutions, was 
standardized by taking a small volume of solution 
and then drying in an oven at 120 “C until con- 
stant weight. 

Standard perchloric acid solution was used in 
the working solutions to displace HN, from the 
azide ions. 

Manganese(I1) perchlorate solution was pre- 
pared from the direct reaction of excess carbonate 
with 6 M perchloric acid for 2 days, with stirring 
at room temperature. After filtering. free perchlo- 
ric acid was used to adjust the pH to 5.5, in order 
to avoid hydrolysis. Standardization was carried 
out by complexometric titration with EDTA [14]. 

2.2. Working solutions 

Several series of working solutions were pre- 
pared by adding different volumes of 1.002 M 
Mn(ClO,), solution to 10.06 cm3 of several NY / 
HN, buffer solutions with NaClO, (ionic strength, 
I, 2.0 M). Five additions of Mn(I1) solution 
changed its concentration in the final solution 
from 0.02 M to 0.1 M. The azide concentration in 
the working solution was in the range 0.025- 
1.8 M. 

In order to keep such working solutions free 
from oxygen. with no volatile hydrazoic acid be- 
ing lost, all standard solutions were previously 
bubbled with purified nitrogen before mixing. 

2.3. Potentiometric mrasurrments md dutu 

trrutnwnt 

A Metrohm 654 pHMeter adapted to a glass 
electrode (Metrohm AG Herisau) combined with 
an Ag/AgCl reference electrode filled with 3 M 
NaCl was used in the pH measurements at 
(25.0 ? O.l)‘C. To standardize the glass electrode, 
a 0.05 M potassium phthalate buffer solution 
(conditional pH = 3.795) was used, at the same 
ionic strength of the working solution (2.00 M 
NaClO,), in order to measure hydrogen ion con- 
centration instead of activity. This buffer had 
previously been calibrated from free strong acid 
(0.01 M) at the same ionic strength (held at 2.0 M 
with NaClO,). 

The change of pH measured from initial pH, to 
final pH, by adding manganese(I1) to N,/HN, 
buffer was followed potentiometrically with the 
calibrated glass electrode (see experimental data 
in Table 1). 
QUICK BASIC programs were used to make the 
calculations on an IBM PC-AT desk computer. 

3. Results and discussion 

The Henderson-Hasselbalch equation for 
buffer systems and mass balances was applied to 
the present system, where NT acts as both ligand 
for the metal cation and as a component of the 
buffer solution [ 151. 
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Calculated values of Leden's function, F,,(L). from the integration of selected ri vs. log[N; ] data for the mangdnese(ll):azide system. 

(I= 2.0 M N&IO, and T= 25.O”C.) 

PHI [N;],( x IO- ') [Mn(lI)](x lo-') PH2 ri F,,(L) 
CM) CM) 

[N, I,( x IO-') 

(MI 

4.507 2.503 10.00 4.536 1.609 0.06394 1.068 

4.507 2.503 7.991 4.388 1.766 0.06644 1.075 

4.507 2.503 5.999 4.414 1.912 0.07309 I.081 

4.507 2.503 3.976 4.446 2.097 0.07564 1.088 

4.549 5.003 10.00 4.395 3.190 0.1309 1.137 

4.549 5.003 7.997 4.422 3.463 0.1416 I.149 

4.549 5.003 5.999 4.453 3.793 0.1513 I.165 

4.549 5.003 3.976 4.483 4.142 0.1639 I.181 

4.549 5.003 2.000 4.515 4.543 0.1793 1.200 

4.863 10.00 10.00 4.715 6.465 0.2534 1.295 

4.863 10.00 7.997 4.147 7.097 0.2618 1.326 

4.863 10.00 5.999 4.770 7.635 0.2944 1.354 

4.863 10.00 3.916 4.199 8.319 0.3187 1.390 

4.863 10.00 2.000 4,829 9.082 0.3587 1.432 

5.230 20.00 10.00 s.090 13.16 0.4838 1.614 

5.230 20.00 7.997 5.115 14.23 0.5202 I.741 

5.230 20.00 5.999 5.147 15.44 0.5604 I.819 

5.230 20.00 3.976 5.171 16.82 0.5910 I.911 

5.230 20.00 2.000 5.200 18.33 0.6358 2.015 

5.534 40.00 10.00 5.414 21.54 0.8470 2.730 

5.534 40.00 7.997 5.438 29.69 0.8861 2.914 

5.S34 40.00 5,999 S.462 32.02 0.9326 3.121 

5.534 40.00 3.976 5.485 34.41 0.9920 3.345 

5.534 40.00 2.000 5.509 37.07 1.065 3.612 

5.654 60.00 10.00 5543 42.15 I.186 4.173 

5.654 60.00 7.997 5.565 45.25 I.241 4.549 

5.654 60.00 5.999 5.587 48.57 1.309 4.978 

5.654 60.00 3.976 5.610 55.20 1.343 5.899 

5.654 60.00 2.000 5.632 55.98 I.410 6.014 

5.785 80.00 1.991 5.705 61.56 1.502 6.906 

5.785 80.00 S.999 5,125 65.78 I.574 7.648 

5.785 80.00 3.976 S.746 70.34 1.595 8.505 

5.899 100.0 3.976 5.864 88.78 1.796 12.63 

6.038 130.0 3.976 6.009 126.0 1.094 28.04 

6.167 180.0 10.00 6.102 140.2 2.181 31.47 

6.167 180.0 7.997 6.116 147.8 2.215 35.34 

6.161 180.0 5.999 6.129 155.5 2.289 39.62 

6.167 180.0 2.000 6.155 171.8 2.321 49.88 

An initial conditional equilibrium was reached. 
for which measurement of PH, provided the equi- 
librium concentrations of [N, 1, and its acid 
[HNJ,. Subsequent addition of a volume of a 
metal cation solution resulted in a new condi- 
tional equilibrium for pH, and [N, I-7 and [HN,], 
[l]. A conditional pK value of the N,/HN, sys- 
tem, at ionic strength 2.00 M (NaClO,) and 

25.0 + 0.1 “C, was determined for each pH experi- - 
ment. The use of the pK value from each experi- 
ment proved to be a reliable procedure because it 
corrects any drift in junction potentials, small 
losses of volatile hydrazoic acid and eventual 
slope deviation of the glass electrode. The average 
pK of the hydrazoic acid at this strength was 
4.530. 
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The average number of ligands, fi (Bjerrun’s 
function) [15], was obtained as described else- 
where [1,15]. 

Since the same curve of fi vs. [NT]~ (Fig. 1) was 
obtained for four different manganese(I1) concen- 
trations, no significant polynuclear complexation 
was evident in the metal cation concentration 
range employed. 

Table 1 shows the experimental data of pH and 
the calculated values of fi, free ligand concentra- 
tions and metal ion analytical concentration for 
each equilibrium condition. An appropriate com- 
puter program was used to obtain data of the 
Leden function, F,,(L) [15], by integration of the 
curve of fi vs. log [NT], from several consecutive 
small increments of ligand concentration [l]. 

The treatment of F,(L) data, to find the stabil- 

log [WI 

Fig. 2. Distribution diagram of the species in the Mn(II)/N; 
system calculated from the equilibrium constants. 

ity constants, was done by two different methods. 
The first was the familiar graphical procedure, 
extrapolating the subsidiary F,(L) function to 
zero ligand concentration [ 1,151. The graphical 
treatment has clearly shown the existence of four 
stepwise complexes. Computer methods of calcu- 
lation, based on properly weighted simultaneous 
equations, were also used for the final results [16]. 

Both solutions gave very similar values. How- 
ever, the best set of constants came from matrix 
calculations [16], by solving the following system 
of weighted simultaneous equations: 

6.838 x lo3 = (8.078 x lo2 x p,) + (3.667 

x lo2 x p>) + (2.681 x lo2 

x p3) + (2.707 x lo2 x p4) 

4.404 x 10” = (3.667 x lo2 x ,!3,) + (2.681 

x lo2 x p2) + (2.707 x lo2 

x jj3) + (3.348 x lo2 x pa) 

4.307 x 10’ = (2.681 x lo2 x /?,) + (2.707 

x p2) + (3.348 x lo2 x /JJ 

+ (4.58 x 10’ x /!?,) 

5.320 x lo’= (2.707 x lo2 x a,) + (3.348 

x lo2 x b2) + (4.658 x lo2 

x &) + (6.942 x lo2 x p4) 

The solution for a 95% confidence level in the 
values is p, = 4.15 i 0.02 MP’, B2 = 6.61 f 0.04 
MP2, p,=3.33+0.02 MP3, p,=O.63+0.01 M-4. 
The distribution diagram is represented in Fig. 2. 

The ,&, value is in good agreement with the 
literature data (Table 2). The complexes are weak 
and follow the Irving-Williams rule: 

Mn2+ < Fe’+ < Co’+ < Ni2+ < CL?+ > Zn2+ 

The coordination of one or two ligands is quite 
easy as can be inferred from the values of the 

0 0.2 0.6 1 1.4 1.8 

[N,l/M 
constants. This behaviour suggests that a larger 
entropic factor favours the initial steps. In fact the 

Fig. I. Formation curves for (W) the Mn(lt)iNc system at formation of the less hydrated neutral species 
several metal concentrations (see Table 1) and (A) the Co(II)/ from highly hydrated ions does affect the reaction. 
N; [I] system. On this basis, the formation of the third species 
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Some literature data for the stability constants for mononuclear complexes of several metal ions with azide complexes 

Metal Method I 
ion (Ml 

Mn’+ Spectr. 1.0 
Spectr. I.0 
Potent. I.0 
Potent. I.0 
Potent. 2.0 

Fe” - - 

Co’f Potent. 2.0 
Spectr. I.0 

Ni’+ Spectr. I.0 
Potent. I.0 
Potent. 2.0 

cd+ Spectr. 0.2 
Spectr. 4.0 
Potent. I.0 

Zn:+ Potent. I .o 

“ Present work. 

T PI P2 117 84 B5 
Pa CM-‘) (M- ‘) (M-‘) CM-“) (Mm’) 

Ref. 

25.0 
25.0 
25.0 
25.0 
25.0 

25.0 
25.0 

25.0 
25.0 
25.0 

20.0 
25.0 
25.0 

4.2 - 
4.6 - - 

4.4 1.5 
3.8 4 
4.2 6.6 3.3 0.63 

4.9 - 

5.7 I9 7.0 I6 4.4 
5.3 - 

6.9 - 

7.4 I8 20 
5.8 9.7 7.5 5.3 x IO’ 

230 - 

2.90 x 10” 3.02 x IOh 
244 1.20 x I04 1.45 x 105 3.18 x IO’ 

25.0 5.7 21 

b Results are also given for the polynuclear complexes. 

should be unfavoured, consistent with the low 
p3 value. 

The linear relationship of log K,, vs. (n - l), 
Fig. 3, means that the magnitude of the free 
energy involved in complex formation linearly 
decreases for each ligand introduced. On this 
basis, no configuration change has been found 
to occur, as could happen with other systems 

0.8 
logb 

0 
1 

-0.4! 
I 

- ‘0.8 1 

Fig. 3. Log K,, as a function of (n - I) for Mn(II)/N, com- 
plexes: K,=4.2M-‘: KZ=l.6M-‘: K,=0.5Mm’; K,=O.18 
M-1. 

UsI 
[I81 
[I91 
PO1 

[I91 

[II 
PII 

PII 
[221 
[41h 

[23] 

[31 
[241 

145 280 ~251 

such as Co(II)/SCN-. where a change from 
octahedral to tetrahedral geometry is observed 

[171. 
All the experiments were carried out in the 

absence of oxygen. At ligand concentrations 
higher than 1.0 M conditions exist for a slow 
spontaneous autoxidation of manganese(H) to 
manganese(II1) complexes, with remarkable spec- 
tral changes. The manganese(II1) complexes have 
a maximum absorbance peak at 428 nm [9,10]. 

As was pointed out previously a synergistic 
effect of the manganese ions [7,8,12] on the in- 
duced autoxidation of metal ions by S(IV) oc- 
currs and, it is important to compare the 
formation curves of complexes of Co(I1) [l] and 
Mn(I1) azide complexes. It was found that the 
0.5 M azide concentration is the best experi- 
mental condition for analytical purposes for de- 
termination of S(IW, based on the 
cobalt(II)-induced autoxidation. At this azide 
concentration the average number of ligands is 2 
and 1.3 for Co(II) and Mn(I1) complexes respec- 
tively (Fig. 1). 
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of ziram (a dithiocarbamate fungicide) 

L. Mathew, M.L.P. Reddy, T.P. Rao *, C.S.P. Iyer, A.D. Damodaran 
Regirmd Rrsrurch Lahortrtor~~ (CSIR). Trirtmrlnm 695 019, Idro 

Received 30 May 1995: revised 20 July 1995; accepted 7 August 1995 

Abstract 

A d.c. polarographic technique has been used previously for the determination of the pesticide, ziram, in aqueous 
samples. this paper reports differential pulse anodic stripping voltammetric determination of ziram zinc in rice 
samples using a static mercury drop electrode. The procedure developed distinguishes inorganic zinc and ziram zinc 
in sodium acetate-sodium chloride media. The procedure developed is suitable for the determination of concentra- 
tions as low as IO ppb of ziram with a precision of 2.1% for five successive determinations of 150 ppb of ziram. 

K~~J~ortl.c: Ziram; Zinc: Anodic stripping voltammetry 

1. Introduction 

Ziram. or cuman L, is the common name for 
zinc dimethyl-dithiocarbamate and is used as an 
agricultural fungicide because of its low phytotox- 
icity, and as a vulcanization accelerator and an- 
tioxidant in the rubber industry. Ziram is 
relatively non-toxic to plants and is particularly 
useful in controlling diseases of vegetable crops 
such as anthracnose of tomatoes and cucurbits 
and early blight of tomatoes and potatoes. Ziram 
causes irritation to the mucous membrane in the 
dust or powder form [I]. 

Common methods of determination of ziram 
are spectrophotometry [2-71, head space CG [S] 

* Corresponding author. Fax: (91)471-490186. 

and HPLC [9]. Electrochemical techniques have 
not been widely used. One method [lo] reported 
for zineb (a related dithiocarbamate fungicide) 
is based on the d.c. polarographic studies at 
-0.18 V vs. SCE. Our studies on differential 
pulse anodic stripping voltammetry (DPASV) de- 
termination of ziram revealed that inorganic 
zinc and ziram zinc could be differentiated as 
they give well-resolved peaks at - 1.18 and 
- 1.08 V vs. the Ag/AgCI electrode in sodium 
acetateeNaC1 media. Based on this, a simple and 
sensitive DPASV procedure is described for the 
determination of ziram. The method is free from 
interference due to other dithiocarbamate pesti- 
cides and can be used for the determination of 
concentrations as low as 10 ppb of ziram in rice 
samples. 

0039-914Oi96 $15.00 Cl 1996 Elsevier Science B.V. All rights reserved 

SSDI 0039-9 140(95)0 17 17-8 
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2. Experimental 

2. I. Appurutus 

Stripping voltammograms were recorded with 
a Princeton Applied Research Model 174 with 
Model 303 static mercury drop electrode 
(SMDE). Deaeration was done with purified ni- 
trogen. The reference electrode was Ag/AgCl with 
an auxillary Pt electrode. The recordings were 
made on an Omniscribe XV/T recorder. 

2.2. Reagents 

Ziram stock solution (Hindustan Ciba-Geigy 
Ltd.; lo-’ M) was prepared by dissolving 
0.0762 g ziram in hot 0.01 N HCl and making up 
with water to 250 ml. Sodium acetate (1.0 M) and 
sodium chloride (1 .O M) were prepared in distilled 
water. 

2.3. Procedure 

Transfer a suitable aliquot of sample solution 
containing 0.1-6 pg ziram (up to 8 ml) into a 
10 ml calibrated flask. Add 1 ml of sodium acetate 
and 1 ml of sodium chloride. dilute to volume 
with water, transfer the solution into the electro- 
chemical cell and place the SMDE in it. After 
deaeration, deposit for 4 min at - 1.4 V vs. Ag/ 
AgCl with stirring, switch off the stirrer, allow 
30 s for the turbulence to cease and anodically 
scan the potential from - 1.4 to -0.8 V with a 
scan rate of 2 mV s- ’ and a pulse amplitude of 
25 mV. Construct a calibration graph for various 
concentrations of ziram by plotting peak current 
vs. concentration of ziram. 

2.4. Anulysis of rice sumples 

Rice samples ( 100 g) were sprayed with known 
amounts of zinc and ziram and left for 2-4 h. The 
extracts were prepared by extraction of a crushed 
sample with 100 ml of acetone. The extract was 
evaporated to dryness. The residue was dissolved 
in 5 ml of 0.01 M HCl and transferred to a 50 ml 
volumetric flask. 

3. Results and discussion 

Preliminary studies were carried out to deter- 
mine ziram by following the DPASV stripping 
peak of zinc. These studies revealed that ziram zinc 
gives a stripping peak at - 1.08 V after deposition 
at - 1.4 V for 4 min (curve B, Fig. 1). In contrast, 
for inorganic zinc the stripping peak occurs at 
- 1.18 V under identical conditions (curve A, Fig. 
1). This indicates that DPASV studies can distin- 
guish ziram zinc and inorganic zinc in sodium 
acetate-NaCl medium. This shift in the EF value 
of zinc in ziram is possibly due to the formation of 
a complex. Detailed optimization studies for the 
determination of ziram were conducted and the 
results obtained are described below. 

3.1. Efect of supporting electrolJ~te 

The determination of 5 x lo-’ M ziram using 
the SMDe with deposition for 4 min at - 1.4 V 
was studied in different supporting electrolytes. 
The results are shown in Table 1, from which it is 
clear that the acetate-chloride medium gives the 
maximum stripping current signal compared to 
acetate or chloroacetate or NaCl. Furthermore, 
the stripping peaks of ziram zinc and inorganic 
zinc are resolved in NaCl or acetate-chloride but 

1 10pA 

Potential ,V vs Ag- AgCL 

Fig. 1. Ditkrential pulse anodic stripping voltammograms 
recorded for 5 x IO-‘M inorganic zinc (curve A) and ziram 
zinc (curve B) after deposition at - 1.4 V vs. Ag/AgCl for 
4 min (0. I M sodium acetate +O.l M sodium chloride, scan 
rate 2 mV s- ‘). 



Table I 

Stripping current obtained for ziram in various supporting 

electrolytes 

(Ziram concn. = 5 x 10m7 M. I~ = 4 min. Ed = - I .4 V vs. Ag 

AgCI, scan rate = 2 mV s- ‘, pulse amplitude = 25 mV) 

Supporting electrolyte 1, (PA) 

HCI (0.1 M) 4.2 

Chloracetic acid (0.1 M) 34.0 

Ammonium acetate (0. I M) 37.8 

Sodium chloride (0. I M) 39.6 

Sodium acetate (0. I M) 41.6 

Sodium acetate (0.1 M) + NaCl (0.1 M) 55.0 

not in acetate solutions. An acetate+sodium chlo- 
ride medium (pH 5) was chosen for further studies. 

3.2. Variation of deposition potenticd 

In order to ascertain the optimum deposition 
potential (Ed) the cathodic limit of the deposition 
potential was varied in the range - 1.0 to - 1.5 V 
vs. AgjAgCl in steps of 0.1 V with deposition for 
4 min at each deposition potential, followed by a 
DPASV scan rate of 2 mV so ’ and a modulation 
amplitude of 24 mV. The magnitude of the strip- 
ping signal attains a maximum at a deposition 
potential of - 1.3 V vs. AgiAgCl and remains 
unaltered on further increase. - 1.4 V was chosen 
as the deposition potential in subsequent studies. 

3.3. Vuriution of deposition time 

The efTect of deposition time (30-480 s) on the 
magnitude pf the stripping signal was studied. The 
stripping signal varied linearly with the deposition 
time and a deposition time of 240 s was chosen to 
offer reasonable sensitivity and a reasonable num- 
ber of samples that can be determined in a given 
time. 

3.4. Vuriution of’ .wan t-cite 

The effect of scan rate in the range O.l- 
100 mV s- ’ was studied during DPASV determi- 
nation of ziram. At 2 mV s-’ the sensitivity and 
resolution of the ziram zinc and inorganic zinc 
were found to be optimum. The stripping signal 

was found to be the same for successive determi- 
nations. 

3.5. Vuriation of’ n~odulution umplitude 

The modulation amplitude was varied from 5 
to 50 mV during DPASV determination of ziram. 
At 25 mV the resolution of ziram zinc and inor- 
ganic zinc was optimum and reasonably sensitive. 

3.6. Eflkt of‘ other intrrjbents 

The influence of other coexisting interferents on 
DPASV determination of ziram was investigated. 
Ten-fold amounts of Thiram, Mn2+, Fe3+, Pb’+. 
Cd’-, Ni” and sodium diethyldithiocarbamate 
did not interfere in the DPASV determination of 
ziram. 

3.7. Smsitivit~~ und precision 

The DPASV signal was found to be linear in 
the range 10-600 ppb of ziram at a deposition 
potential of - 1.4 V vs. Ag/AgCl for 4 min with a 
scan rate of 2 mV s- ‘. The coefficient of variation 
of 150 ppb of ziram was 2.1% for five successive 
determinations. 

3.8. Application of’ the nwthod to rice suqdes 

Suitable aliquots were analysed according to 
the procedure described in the Experimental. The 
results obtained are shown in Table 2. The recov- 
eries on addition of known amounts of ziram and 
inorganic zinc to the rice samples are also given in 
Table 2. Rice samples were spiked with known 
amounts of ziram and inorganic zinc prior to 

Table 2 

Analysis of rice samples (100 g) 

Amount of 

ziram added 

(ng) 

100 

200 

400 

Amount of 

zinc added 

(w) 

50 

20 

40 

Amount of 

ziram found 

(ng) 

98.0 

199.0 

395.0 

Amount of 

zinc found 

(ng) 

49.5 

19.5 

38.0 



extraction with acetone. A blank was also run to 
check whether there were any interferences 
present at the same current signal. The recoveries 
were found to be in the range 95599%. From 
these results, it is evident that the developed 
DPASV procedure can be reliably used for the 
determination of zinc in rice samples. 

4. Conclusion 

In general, the analysis of ziram by spectropho- 
tometry is based on the determination of zinc. 
These methods therefore cannot distinguish from 
the zinc naturally present in rice or soil samples. 
Conventional spectrophotometric methods are 
not adequately sensitive. Head space GC and 
HPLC methods are used only for the determina- 
tion of ziram. In contrast, by using the present 
method, it is possible to determine inorganic and 
ziram zinc simultaneously in rice samples. The 
present procedure is free from the interference of 
other dithiocarbamate fungicides. 
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Abstract 

A method for the determination of total chromium in cocaine and heroin by flameless atomic absorption 
spectrometry is presented. Cocaine samples were dissolved in 2 ml of HNO, 35.0% (v/v) and diluted to 10 ml with 
ultrapure water; heroin samples were dissolved in ultrapure water, adding 0.4 ml of HNO, 35.0%~ (v/v) to dissolve 
inert species, and also diluted to 10 ml. Mg(NO,), and HNO,. as chemical modifiers. were compared in terms of 
sensitivity, precision and accuracy, a lower detection limit being obtained for the use of Mg(NO&, 5.77 ,ug kg’ 
(7.23 pg kg- ’ for HNO,). Within-batch precision was found to be 6.19% and 1.48% for drug solution spiked with 
0 and 10 pug 1-l of Cr3+, respectively, when using Mg(NO&, and 7.45 and 1.19% for the same respective 
concentration levels when using HNO,. Similar results on analytical recovery were obtained for both Mg(NO& and 
HNO,. Mg(NO& was selected as the more adequate of the two chemical modifiers. A study of the introduction of 
a cooling-down step of 50°C was carried out and compared in terms of sensitivity to the programme without a 
cooling-down step, but no advantage was observed. Studies on the variation in precision and analytical recovery with 
the amount of sample, and interferent effects of different species on chromium determination were developed. Finally, 
chromium concentrations obtained in cocaine samples varied between 0.02 and 0.14 mg kg ‘, the levels in the heroin 
samples being in the 0.05-0.59 mg kg-’ range. 

Keywords: Chromium; Cocaine; Heroin; Chemical modifiers: Magnesium nitrate modifier; Flameless absorption 
spectrometry 

1. Introduction 

The remarkable increase in the improper use of 
cocaine and heroin, two of the more dangerous 

*Corresponding author. 

narcotics, has led to the imposition by the Inter- 
national Community of a control on the trade 
and utilization of these drugs. Therefore, it is very 
important to determine whether a confiscated 
drug comes from a certain geographical area. In 
this way, it is possible to discover its trading 
routes. Such studies are usually based on organic 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)0 17 18-6 



compounds present in drugs, and thus extensive 
information is available on the organic con- 
stituents in cocaine and heroin. However, knowl- 
edge about the inorganic constituents of these 
substances is very poor. In this sense, only few 
data have been found in the literature on metallic 
species [l]. chromium being one of the metals 
whose presence has been reported. According to 
the chromium concentration found [l], it can be 
concluded that it is a trace constituent in cocaine. 
being present in levels between 0.2 and 1.6 mg 
kgg’. The concentration interval reported for 
heroin [l] is 0.2-140 mg kg- ‘. The chromium 
concentration in a great number of samples can- 
not be determined easily by inductively coupled 
plasma-atomic emission spectrometry. which is 
the technique employed by Violante et al. [l] in 
their studies, because it is lower than the detection 
limit of the technique. 

Flameless atomic absorption spectrometry 
(FAAS) has been recognized as one of the best 
techniques for determining metal content, 
chromium being one of the metallic species requir- 
ing very sensitive detection [2]. 

As there is no literature on the determination of 
chromium in samples such as cocaine and heroin, 
in order to select the most adequate chemical 
modifier, a bibliographic search was carried out 
on the determination of chromium in biological 
and environmental materials and waters [3-2X]. It 
should be mentioned that as a consequence of the 
refractory behaviour of chromium [2,29], it has 
been proposed not to add a chemical modifier 
[3-51. However, it is evident that the low charring 
temperatures obtained in the absence of a matrix 
modifier do not offer satisfactory matrix 
volatilization when the samples contain complex 
matrices: thus. the addition of a chemical modifier 
appears to be necessary. The use of nitric acid 
[668] as a chemical modifier was therefore pro- 
posed, charring occurring at 1300°C. The addition 
of Na,WO,, in solution [7-91 or the use of W- 
coated graphite tubes [ 10,111, has also been re- 
ported; the former was of more advantage, owing 
to the large difference in charring temperatures 
reported, i.e. 1600°C for addition in solution and 
900°C for the use of coated graphite tubes. The 
use of graphite tubes coated with Zr [9], Ta 

[11,12] and La [13,14] has also been reported. 
Vanadium and molybdenum [I 51 have been pro- 
posed for chromium determination, achieving a 
charring temperature of 1400°C. Finally, NH, [16] 
and ascorbic acid [17] have also been used as 
chemical modifiers for chromium. 

Magnesium nitrate alone [7,9,18-241, or in con- 
juction with palladium [25] or calcium [26,27], 
appears to be the most adequate chemical 
modifier for chromium, owing to the higher char- 
ring temperatures reported. In this sense, palla- 
dium has also been proposed as an adequate 
chemical modifier [14,28]. In addition, these spe- 
cies present the advantage, in comparison with the 
other chemical modifiers cited, that their content 
is not frequently determined by FAAS; hence, 
their use in large amounts, mg 1 ‘, as chemical 
modifiers does not lead to contamination of the 
graphite furnace. 

In this paper, the use of nitric acid and magne- 
sium nitrate as chemical modifiers for chromium 
determination is compared, investigating also pal- 
ladium and the mixture palladium-magnesium 
nitrate proposed by Welz et al. [30]. Finally, a 
method for chromium determination in cocaine 
and heroin was developed and applied to different 
samples. 

2. Experimental 

2.1. Appuratus 

AAS measurements were performed with a 
Perkin-Elmer model 11 OOB atomic absorption 
spectrometer equipped with an HGA 700 graphite 
furnace, an AS-70 autosampler and a deuterium 
arc background corrector. A Cr hollow cathode 
lamp (Perkin-Elmer) operated at 25 mA, which 
provided a 357.9 nm resonance line, was used. 
The spectral bandwidth was 0.7 nm. Pyrolytically 
graphite-coated graphite tubes and L’vov graphite 
platforms were used throughout. 

2.2. Reugents 

All the solutions were prepared from analytical- 
reagent grade chemicals using ultrapure water, 
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resistivity 18 MR cm ~ ‘, which was obtained by 
means of a Mini-Q (Millipore, USA) water purifi- 
cation system. 

Nitric acid stock standard solution, 35.0% 
(viv), was prepared from nitric acid Aristar, 
69.0-70.5% (v/v) (BDH Chemicals, Poole, 
UK) with a maximum chromium content of 
0.05 mg 1-l. 

Chromium nitrate stock standard solution, 
1.000 g ll’, was obtained from Merck (Darm- 
stadt, Germany). 

Magnesium nitrate stock standard solution, 
2.000 g 1~ ‘, was prepared by dissolving 2 g of 
magnesium nitrate (Analar, BDH Chemicals) in 1 
1 of ultrapure water. 

Palladium stock standard solution, 3.000 g l- ‘, 
was prepared according to Welz et al. [31] by 
dissolving 300 mg of palladium (99.999%, 
Aldrich, Milwaukee, WI, USA) in 1 ml of concen- 
trated nitric acid and diluting to 100 ml with 
ultrapure water. If the dissolution was incomplete, 
10 ~1 of hydrochloric acid (Aristar, 35.0% (v/v), 
BDH Chemicals, with a maximum chromium 
content of 0.005 mg 1 - ‘) was added to the cold 
nitric acid and heated to gentle boiling in order to 
volatilize the excess chloride. 

2.3. Procedure 

Cocaine samples. 0.5 g, were dissolved in 2 ml 
of nitric acid 35.0% (v/v), diluting to 10 ml with 
ultrapure water. For heroin samples, 0.25 g of 
sample was dissolved in ultrapure water, and 0.4 
ml of nitric acid 35.0% (v/v) was added to dissolve 
any remaining undissolved inert substances. The 
solutions were then diluted to 10 ml with ultra- 
pure water. All samples were kept in polyethylene 
vials at 4°C. 

0.5 or 0.25 ml of cocaine and heroin solution, 
respectively, was transferred to an autosampler 
cup, adding an adequate volume of magnesium 
nitrate to obtain a concentration of 15 mg l- ’ 
after dilution to 1 ml. Calibration was performed 
over the O-10 pg 1-l range, injecting 20 ~1 into 
the atomizer, and running the sequential dry- 
charringgatomization-cleaning programme of 
the graphite furnace shown in Table 1. 

3. Results and discussion 

3.1. Compurutivr study of palludium, mugnesium 
nitrate, pulludium-mugnesium nitrute und nitric 
clcid us chemical mod$iers 

A comparative study on the use of palladium, 
magnesium nitrate, palladium-magnesium nitrate 
and nitric acid as chemical modifiers for the deter- 
mination of chromium in cocaine and heroin was 
developed. Charring curves corresponding to each 
chemical modifier were obtained for a cocaine 
sample solution spiked with 10 pg l- ’ of Cr’+, 
for a heroin sample solution and for an aqueous 
standard solution of 15 pg 1~ ’ of Cr’+, Figs. 
l(a), l(b) and l(c), respectively. The atomization 
temperature used was 2500 “C (Table 1) and the 
concentration of the chemical modifier in these 
experiments was 10 mg 1~~’ of palladium and 
magnesium nitrate, and 3.5% (v/v) of nitric acid, 
i.e. the concentration of nitric acid obtained after 
dissolution and dilution of the cocaine in the 
autosampler cups, according to Section 2.3. As 
can be seen in Figs. l(a)- l(c), the optimum char- 
ring temperatures ranged between 1500 and 
1700°C for the different chemical modifiers and 
solutions. A lower charring temperature, 15OO”C, 
was found for heroin solutions than for cocaine 
and aqueous standard solutions, 1600 “C, when 
using palladium-magnesium nitrate. Therefore, 

Table 1 
Graphite furnace temperature programmes and spectrometer 
operating conditions“. Values in brackets correspond to the 
use of nitric acid as a chemical modifier 

Stage Temperature Ramp Hold Ar flow 

(“C) (s) (s) (ml min’) 

Drying 150 15 15 300 
Charring 1600 10 15 (20) 300 
Atomization 2500 0 4 0 read 
Cleaning 2600 2 3 300 

“Cr hollow cathode lamp operating at 25 mA: wavelength 
357.9 nm; spectral bandwidth 0.7 nm; integration time 4s; 
peak-area measurements; injection volume 20 ~1; pyrolytic 
graphite tubes and L’vov platforms. 
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Fig. 1, Charring curves corresponding to (a) cocaine sample solution spiked with IO pug I ’ of Cr’+ , (b) heroin sample solution and 
(c) aqueous standard solution of I5 pg I ’ of Cr3 + . obtained for IO mg I ~’ of palladium ( n ), IO mg I- ’ of palladium and 
magnesium nitrate (*), 10 mg I ’ of magnesium nitrate (1) and 3.5% (v/v) of nitric acid (W). 

for the use of this chemical modifier, an optimum 
charring temperature of 1500°C was selected. Sim- 
ilarly, the charring temperature observed for the 
aqueous standard of Cr’ + , 1500 “C, was selected 
as optimum for palladium. Finally, an optimum 
charring temperature of 1600°C was chosen when 
using magnesium nitrate and nitric acid. 

Because chromium levels are lower for cocaine 
than for heroin samples, and hence a greater 
amount of cocaine is required to prepare the 
solutions, the following studies were performed on 
cocaine solutions, considering the results obtained 
for cocaine solutions are applicable to heroin 
sample solutions owing to their greater dilution. 
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(a) (b) 

Fig. 2. Dependence of the chromium absorbance signal on the combined effects of various amounts of palladium and magnesium 
nitrate added to (a) cocaine sample solution spiked with 10 ,~g I ’ of Cr’* and (b) aqueous standard solution of I5 /lg I ’ of 

3.2. Optimization of’ the amount of’ chemiccll 
modljier 

In order to investigate the use of magnesium 
nitrate, palladium-magnesium nitrate and palla- 
dium as chemical modifiers, and to determine 
their optimum amounts, a study involving differ- 
ent combinations of palladium and magnesium 
was performed. The charring temperature used 
was the optimum found for palladium-magne- 
sium nitrate, 1500 “C, and the atomization tem- 
perature was 2500 “C. These experiments were 
carried out on cocaine sample solutions spiked 
with 10 pg 1~ ’ of Cr’ + , Fig. 2(a), and Cr’ + 
aqueous standard solutions of 15 pg l- ‘, Fig. 
2(b). The addition of palladium does not have any 
influence, as shown in Fig. 2(a). However, 
chromium absorbance values increase slightly, in 
the absence of palladium, until a concentration of 
15 mg 1~ ’ of magnesium nitrate is reached. These 
facts can also be observed in Figs. 3 and 4, where 
different peak schemes, corresponding to 0 mg 1~ ’ 
of palladium and various amounts of magnesium, 
and 15 mg 1-l of magnesium and different 
amounts of palladium, respectively, are repre- 
sented. In Fig. 2(b), which shows the results ob- 
tained for aqueous standards of Cr3+, it can be 
seen that the addition of palladium increases the 
chromium absorbance signal. However, it should 

be mentioned that the higher chromium ab- 
sorbance signals correspond to combinations be- 
tween Mg(NO,), and Pd, where the amount of 
magnesium nitrate is greater than that of Pd. 
Therefore, the highest chromium absorbance is 
obtained for concentrations of 10 and 15 mg 1~ ’ 
for palladium and magnesium nitrate, respec- 
tively. Because the addition of palladium to co- 
caine sample solutions does not offer a significant 
increase in chromium absorbance, we select mag- 
nesium alone, at a concentration of 15 mg l- ‘, as 
adequate for stabilizing chromium. 

The amount of nitric acid was optimized in the 
same way, increasing the concentration up to 10% 
(v/v) for aqueous standard solutions of 15 pug 1~ ’ 

Time (3) IlO 

Fig. 3. Effect of 0 mg I ’ of palladium and different amounts 
of magnesium nitrate on the peak scheme corresponding to a 
cocaine sample solution spiked with IO pg I - ’ of Cr’+ : (A) 0 
mg I - ’ (0.254 As.); (B) 5 mg I- ’ (0.272 As.); (C) I5 mg I- ’ 
(0.285 As.); (D) 25 mg I- ’ (0.272 As.). 
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Fig. 4. Effect of 15 mg I ’ of magnesium nitrate and ditferent 
amounts of palladium on the peak scheme corresponding to a 
cocaine sample solution spiked with 10 /lg I -- ’ of Cr’ A : (A) 0 
mg I - ’ (0.285 A.s.); (B) 5 mg I - ’ (0.267 A.s.); (C) 10 mg I ’ 
(0.243 As.); (D) 20 mg I-’ (0.246 A.s.). 

of Cr” + and a cocaine sample solution spiked 
with 10 pg 1~ ’ of Cr3+. Chromium absorbance 
was not statistically varied in the range studied 
and no variation in the peak scheme was found 
with larger amounts of nitric acid for both co- 
caine and aqueous solutions. Therefore, because 
an increase in the concentration of nitric acid 
results in faster damage of graphite tubes, we 
selected an optimum concentration of nitric acid 
of 3.5% (v/v), i.e. the concentration obtained after 
dissolution and dilution of cocaine samples in the 
autosampler cups (Section 2.3). 

3.3. Optimkation of the gruphite furnace 
tetnprraturr progrmmrs 

Although chromium absorbance is stronger 
when magnesium nitrate is used instead of nitric 
acid, a temperature programme for nitric acid has 
also been developed and compared in terms of 
sensitivity, precision and accuracy to that for 
magnesium nitrate. The use of nitric acid as a 
chemical modifier is simpler than the use of magne- 
sium nitrate because the optimum concentration of 
nitric acid, 3.5% (v/v), is that obtained after disso- 
lution and dilution of cocaine in the autosampler 
cups; thus, it is only necessary to dilute the cocaine 
samples, without the addition of other species. 

As mentioned previously, in the cases of nitric 
acid and magnesium nitrate a charring tempera- 
ture of 1600°C was found to be optimal. Opti- 
mum values of the ramp and hold times for the 
charring step, corresponding to the use of magne- 
sium nitrate and nitric acid. are shown in Table 1. 

In order optimize the atomization temperatures 
for each chemical modifier, a range of tempera- 
tures between 1800 and 2600°C was studied for a 
cocaine sample solution spiked with 10 p g 1 - ’ of 
Cr’ + and an aqueous solution of 15 ,ug l- ’ of 
Cr”; these were the optimum temperatures for 
each chemical modifier and solution shown in 
Table 2. 

Optimum drying conditions, temperatures and 
times, for each chemical modifier, were determi- 
nated by observing the sample in the graphite 
tube. In order to provide smooth evaporation of 
the solvent with no sputtering of the sample, an 
optimum temperature of 150°C with ramp and 
hold times of 15 s was achieved for both chemical 
modifiers. 

3.4. Lineur range, und calibrution und stundurd 
uddition gruphs 

The linear range was established for the use of 
magnesium nitrate and nitric acid, being 0.15-15 
and 0.18-15 LLg 1 --I of Cr’+, respectively. In 
order to determine the matrix effects for both 
methods, the standard addition method was ap- 
plied over the same range of concentrations. The 
equations obtained for the use of magnesium 
nitrate were 

calibration graph: 

(IA =0.008 +O.O17[Cr’+] r= 0.999 

standard addition graph: 

QA = 0.049 + O.O20[Cr’-] r = 0.999 

Table 2 
Optimum atomization temperatures corresponding to different 
chemical modifiers 

Chemical modifier Atomization temperature (“C) 

Cocaine sample Aqueous Cr 
solution standard 

Palladium 2600 2600 
Palladium-magnesium nitrate 2600 2600 
Magnesium nitrate 2500 2600 
Nitric acid 2500 2600 
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Table 3 

AnalytIcal recovery (U = I I) corresponding to the use of magnesium nitrate and nitric acid as chemical modifiers 

83 

Cr’+ 

concentration 

added (~g I-‘) 

5.0 

7.5 

10.0 

WNO,): 

Cr’ + concentration 

found (pg I-‘) 

4.87 f 0.07 

7.32 + 0.09 

10.3 * I.2 

Analytical 

recoverv (‘%) 

96.4 * I .4 

97.6 & I .2 

103.5 + I .2 

HNO, 
-.~ 

RSD Cr’ + concentration Analytical RSD 

(‘Xl) found (kg I ‘) recovery (‘XL) (“!4,) 
__~ 

2.3 5.23 & 0.09 104.5 * 2.0 2.8 

1.8 7.53 * 0.05 100.4 f 0.7 1.0 

1.7 9.88 & 0.09 98.8 i 0.9 I .4 

and for the use of nitric acid were 

calibration graph: 

QA = 0.011 + O.O17[Cr”+] I’ = 0.997 

standard addition graph: 

QA = 0.041 + O.O14[Cr”] r = 0.999 

where Q, is the integrated absorbance and [Cr” ‘1 
is in units of /lg I ~ ‘. 

The F-test [32] was applied to comparison of 
the slopes in each graph and for each chemical 
modifier; in both cases, the slopes of the calibra- 
tion and standard addition graphs were statisti- 
cally the same, and thus there are no matrix 
effects in the determination of chromium when 
using magnesium nitrate or nitric acid. Aqueous 
calibration was found to be a real possibility for 
developing the analysis for the use of both chemi- 
cal modifiers. 

3.5. Smsitiz~itj 

The sensitivity of magnesium nitrate and nitric 
acid as chemical modifiers was studied for the two 
programmes (Table 1). The limit of detection 
(LOD), limit of quantification (LOQ) and charac- 
teristic mass (& [33] were the parameters used in 
the study. 

The blanks were solutions of 3.5% (v/v) nitric 
acid when using nitric acid as a chemical modifier, 
and 3.5% (v/v) of nitric acid and 15 mg I ’ of 
magnesium nitrate when using magnesium nitrate 
as a modifier. The values obtained, for 11 repli- 
cate injections. were 0.008 + 0.001 and 
0.006 f 0.001 A.s. for magnesium nitrate and ni- 
tric acid, respectively. 

The LODs, corresponding to 0.5 g of drug 
sample. were 5.77 and 7.23 pug- ’ for the use of 
magnesium nitrate and nitric acid, respectively, 
the LOQs being 19.24 ,ug kg ~’ for magnesium 
nitrate and 24.20 /lg kg- I for nitric acid. The 
values of ~7,) obtained were 5.2 + 0.34 and 
4.6 + 0.67 pg for magnesium nitrate and nitric 
acid. respectively. As can be seen, the sensitivity is 
better for magnesium nitrate as a chemical 
modifier. 

Precision was studied for the use of both chem- 
ical modifiers, magnesium nitrate and nitric acid. 
The within-batch precisions obtained for 1 I repli- 
cate injections of cocaine sample solutions spiked 
with 0, 5, 7.5 and 10 /lg I ’ of Cr” +, expressed as 
RSDs. were 7.45, 2.21 0.86 and 1.19% respec- 
tively, for nitric acid, and 6.19, 1.78, 1.52 and 
1.48’%1, respectively, for magnesium nitrate. As 
can be seen, similar precision is achieved by both 
chemical modifiers. 

The accuracy of the methods was studied by 
analytical recovery. This parameter was obtained 
for cocaine solutions spiked with 5, 7.5 and 10 pg 
I ’ of Cr3 +. which were injected into the atom- 
izer 11 times. The results are shown in Table 3. As 
can be seen, analytical recoveries close to 100% 
were achieved for all concentration levels for both 
chemical modifiers. 

Good precision and analytical recovery were 
discovered for both the chemical modifiers investi- 
gated. and a similar linear range was achieved. 
Therefore, owing to the lower LOD obtained with 
the use of magnesium nitrate, we consider magne- 
sium nitrate to be a more suitable chemical 
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modifier than nitric acid. In the following studies, 
magnesium nitrate, at the optimum concentration 
of 15 mg I - ‘, will be used. 

3.7. Study of the introduction of‘ a cooling-down 
step 

The introduction of a cooling-down step, which 
has been reported for the determination of lead 
and aluminiun [34], has also been implemented in 
the determination of chromium in foodstuffs [24]. 
Therefore, in this section a graphite furnace tem- 
perature programme incorporating a cooling- 
down step, just before atomization, with ramp 
and hold times of 10 s for each and cooling 
temperatures between 50 and 350°C was studied. 
The within-run precision, for seven replicate injec- 
tions of a cocaine sample solution spiked with 10 
pg 1-l of Cr3+, was studied for each cooling 
temperature, obtaining good precision ( < 10%) 
for measurements in the peak-area and peak- 
height modes. However, the RSD (%) values for 
higher cooling temperatures were larger than 
those for lower cooling temperatures and those 
similar to the values obtained without the intro- 
duction of a cooling-down step (Table 1). An 
increase in chromium absorbance, measured in 
the peak-area mode, compared to that obtained 
using the former programme, was obtained for all 
cooling temperatures. 

A cooling temperature of 50°C was selected as 
the most adequate cooling temperature owing to 
good within-run precision and the peak scheme 
attained. However, the sensitivity achieved was 
poorer than that obtained using the former pro- 
gramme (Table l), the LOD being three times 
higher (19.24 pg kg - ‘) than the standard pro- 
gramme (5.77 pg kg-‘). 

3.8. Interferences 

A study on the effects of species that could 
interfere with the chromium absorbance signal 
was carried out. We assume a species to be an 
interferent when, at a specified concentration, it 
produces a variation in the chromium absorbance 
signal of f 10% of the signal measured in the 
absence of the species. Therefore, several different 

cations, Al’+, Ba’+, Ca2+, Cd2+, Co2+, Cu2+, 
Fe’+, KC, Li+, Mn*+, Na+, NH:, Ni2+, 
Pb2+ and Zn*+ , and anions, Cl -, PO: ~, SO: -, 
SiO: - and citrate, were studied. Different 
amounts of each species were added to a cocaine 
sample solution spiked with 10 pg l- ’ of Cr3 + ; 
the results obtained are shown in Table 4, which 
gives the lowest concentration corresponding to 
0.5 g of the drug sample, the percentage 
chromium absorbance variation and the levels for 
some species reported in the literature [l]. As can 
be seen, species that can be considered as major 
constituents, such as Ca2 + , Mg* + and Zn2 + , do 
not exhibit interfering behaviour. Similarly, for 
anions such as Cl ~, PO: ~ and SO: ~, that could 
also be considered as major constituents, the addi- 
tion of 100 mg 1 - ’ (4000 mg kg - ’ corresponding 
to sample) does not statistically vary the ab- 

Table 4 
Effects of different elements on the chromium absorbance 
signal of a cocaine sample solution spiced with 10 pg IV’ of 
cr3+ 

lnterferent Lowest Concentration %I Chromium 
concentration interval absorbance 
with respect (mg kg-‘) variation 
to sample 
W-s kg-‘) 

Al’+ 
Ba’ + 
ca2 + 

Cd’ + 
Co’ + 
Cu’ + 
Fe’ + 
K+ 
Li + 
Mgz+ 
Mn’+ 
Nat 
NH; 
Ni’+ 

Pb’ + 
Zn’ + 
Citrate 
CIV 
PO; - 
SiO: 
sop 

2000 
120 

4000 
120 
120 
400 

4000 

1200 
4000 
1200 
4000 
1200 

80 
80 

4000 
4000 
4000 
4000 
1200 
4000 

0.5-2700 
0.1-26 
-a 

0.1-2.1 

0.7-270 
2.7-2200 
-* 

0.5-220 

-* 
0.0-77 
0.3-2.1 
0.1-2600 

+ 10.2 
- 3.6 
+ 5.1 
- I.6 
- 1.1 
- 6.4 

+ 14.7 
+ 3.0 
+ 1.5 
+ 3.4 
- 0.5 
- 7.5 
- 0.5 
-4.8 
-0.5 
- 0.4 
- I.1 
- 2.2 
- 0.5 
f4.3 
- 6.6 

a Data not available. 
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sorbance signal. Interfering behaviour is only ob- 
tained at concentrations of Fe’+ and Al’+ 
greater than 2000 mg kg ‘. Although this fact 
has been observed by several authors [7,8,35,36], 
no explanation has been reported. Finally, for 
the other species whose concentration levels 
are available, there are no observed interfering 
effects at the highest concentration tested, which 
is greater than that reported in these kinds of 
samples. 

3.9. Study of precision clnd analytical recovery 
with the amount of sample 

A study on the precision and analytical recov- 
ery for different amounts of drug samples was 
developed in order to reduce the LOD and LOQ, 
and to verify if the amount of drug sample cho- 
sen, 0.5 g, is a representative mass to carry out the 
analysis. Therefore, 0.25, 0.5, 1 .O and 2.0 g co- 
caine samples were prepared as indicated in Sec- 
tion 2.3, obtaining sample concentrations of 2.5, 
5.0, 10.0 and 20.0% (m/v). respectively, after dilu- 
tion to 10 ml. The volume of nitric acid used to 
dissolve the samples was 2 ml (Section 2.3); how- 
ever, for an amount of sample of 2 g, it was 
necessary to increase the volume of nitric acid to 
2.5 ml to totally dissolve the sample. 

The effect of the different sample concentration 
precisions was studied through the within-run pre- 
cision, for 11 replicate injections of the solutions 
prepared from each amount of sample. To obtain 
similar chromium absorbance values, different 
volumes of an aqueous standard solution of Cr’ + 
were added to the solutions of lower sample con- 
centrations. The RSD values obtained were 2.03, 
0.72, 1.38 and 1.36% for 2.5, 5.0, 10.0 and 20.0% 
(m/v), respectively. As can be seen, the increase in 
the amount of sample does not impair the preci- 
sion. 

To study the effect of the amount of sample on 
the analytical recovery, each cocaine sample solu- 
tion, corresponding to each amount of sample, 
spiked with 5 and 10 pg 1~ ’ of Cr’ + , was injected 
11 times into the graphite furnace, and the analyt- 
ical recoveries were determined. The results are 
shown in Table 5, where it can be seen that for all 
sample concentrations and for the two concentra- 

Table 5 
Analytical recovery (n = 1 I) corresponding to different sample 
concentrations 

Sample concentration Analytical recovery (‘%I) 
(‘I/;> (w/v)) 

2.5 
5.0 

10.0 
20.0 

+ 5 pg I ’ CY + + IO pg I-’ Cr’+ 

102.4 + I .O 99.6 k 0.9 

91.4 i 1.4 103.5 i I .2 
96.6 & 2.6 101.6 + I.6 

92.8 & 3.6 102.0 * 1.9 

tion levels tested, analytical recoveries closed to 
100% were achieved. 

Therefore, the amount of sample can be in- 
creased to 2 g of drug sample without a loss of 
analytical performance, attaining a LOD of 1.44 
pg kg- ‘. 

However, 0.5 g of drug sample can be consid- 
ered as an adequate and representative mass for 
developing the analysis due to precision, and ana- 
lytical recovery is not statistically varied in the 
0.25-2.00 g range, obtaining an adequate LOD 
for the determination of chromium in a great 
number of samples. 

3.10. Application 

The method, using magnesium nitrate as a 
chemical modifier, was applied to the determina- 
tion of chromium content in cocaine and heroin 
samples from various geographical areas. One 
subsample was taken from each sample and pre- 
pared as in Section 2.3, and two subsamples from 
each were subjected to FAAS twice. The results 
obtained are shown in Table 6, together with the 
SDS for four analyses of each drug sample. The 
obtained concentrations of chromium are low, 
those in heroin (0.05-0.59 mg kg- ‘) being 
slightly bigger than those in cocaine (0.02-0.14 
mg kg- I). This can be attributed to the lower 
purity of the heroin samples compared to the 
cocaine samples. It can be said that the chromium 
levels found for cocaine and for some heroin 
samples are lower than 0.2 mg kg -- ‘, which is the 
lowest concentration of chromium reported by 
Violante et al. [I]. 
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Table 6 
Chromium levels found in several heroin and cocaine samples 

Sample Chromium level SD” (mg kg- ‘) 
(mg kg-‘) 

Heroin I 0.33 0.05 
2 0.15 0.10 
3 0.05 0.04 
4 0.32 0.12 
5 0.59 0.08 

Cocaine I 0.14 0.05 
2 0.07 0.03 
3 0.09 0.06 
4 0.06 0.04 
5 0.07 0.04 
6 0.08 0.04 
7 0.06 0.04 
8 0.13 0.06 
9 0.06 0.05 

IO 0.06 0.05 
II 0.06 0.03 
I2 0.02 0.03 

“n = 4. 

4. Conclusions 

The results of this work confirm the advanta- 
geous application of magnesium nitrate as a 
chemical modifier for the determination of 
chromium. With the use of this chemical modifier, 
matrix effects are satisfactorily removed and 
aqueous calibration is a real possibility. In addi- 
tion, magnesium nitrate offers the lowest LOD 
and LOQ, thus giving acceptable precision and 
accuracy. Finally, it should be mentioned that the 
introduction of a cooling-down step before atom- 
ization, recommended by several authors for 
chromium determination [24], does not offer any 
advantage in terms of sensitivity. 
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Abstract 

The stability constants of the fluoride complexes of cerium(IV) in 1 M (HCIO,, NaClO,) medium have been 
measured potentiometrically using a fluoride ion-selective electrode. Quantitative oxidation of cerium to its tetravalent 
state and its stabilisation in the perchlorate medium were accomplished by oxidation with AgO followed by quick 
addition of a known amount of fluoride ion. This procedure ensures stability of the oxidation state and prevents 
hydrolysis and polymerisation of Ce(IV). Logarithms of the average values of /?, , a,. p and p4 were estimated to be 
7.57 i 0.04, 14.50 ) 0.03, 20.13 f  0.37 and 24.14 5 0.10 respectively. 

Keywords: Cerium(IV); Stability constants; Fluoride complexes; Ion selective potentiometry 

1. Introduction 

The oxidation state of cerium(IV) is not stable 
in aqueous perchloric acid medium (standard elec- 
trode potential of the Ce(IV)/Ce(III) couple is 
1.61 V). Ce(IV) is slowly reduced to Ce(II1) as 
water is decomposed to liberate oxygen. In addi- 
tion, Ce(IV) is very susceptible to hydrolysis and 
polymerisation like other tetravalent cations and a 
high acidity must be maintained in the medium. 
Stability constant data for Ce(IV) complexes are 

* Corresponding author. Fax: 91-22-5560750; E-mail: 
fuelchem@magnum.barctl .emet.in. 

very scarce mainly due to these difficulties. We 
are interested in the stability constant values of 
Ce(IV) fluoride complexes in perchlorate medium, 
which have not been reported in the literature so 
far, for correlating the stability constants of the 
tetravalent actinides [l] with the values of other 
cations in general [2] and tetravalent cations in 
particular. 

In a preliminary study we established that AgO 
(standard electrode potential of the Ag(II)/Ag(I) 
couple is 1.98 V) could be used for quantitative 
oxidation of Ce(II1) to Ce(IV) in 3-4 M perchlo- 
ric acid medium and that the reduction of Ce(IV) 
could be arrested by immediate addition of some 
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known quantity of fluoride ion. The addition of 
fluoride before dilution prevented the hydrolysis 
and polymerisation of Ce(IV). Ion selective poten- 
tiometry using a lanthanum fluoride membrane 
electrode has been recommended as the best 
method for the study of fluoride complexes [3]. In 
the presence of cations forming strong complexes 
with fluoride, the lanthum fluoride electrode re- 
sponds to free fluoride ion concentration three 
decades below lop6 M, the accepted detection 
limit in non-complexing solutions. This has been 
validated experimentally and theoretically by sev- 
eral workers [4,5]. Various difficulties associated 
with the study of fluoride complexing in a highly 
acidic medium and the procedure developed by us 
to overcome these difficulties have been discussed 
in our earlier papers on the fluoride complexes of 
actinides [1,6]. In the present work the same ex- 
perimental procedure has been followed while en- 
suring the stabilisation of the tetravalent state in 
the perchloric acid medium. 

then added and excess ferrous ions were back 
titrated with standard dichromate solution. It was 
observed that about 50% of the cerium in the 
stock solution was in the trivalent state. An 
aliquot of the stock solution was analysed for 
nitrogen at the trace level and showed complete 
absence of nitrogen. The hydrogen ion concentra- 
tion of the stock solution was determined by 
titration with standard NaOH in a citrate medium 
using a glass pH electrode for end-point detection. 

49 
Silver(I1) oxide was prepared in our laboratory 

following the procedure of Milner et al. [7]. The 
dry silver oxide powder was analysed for Ag(I1) 
content by adding a known weight of the powder 
in standard ferrous sulphate solution and back 
titrating excess ferrous ions potentiometrically 
with standard potassium dichromate solution. 
57% of silver was found to be in the bivalent 
state. 

Standard NaClO, and NaF solutions were pre- 
pared as given in our earlier communication [l]. 

2. Experimental 
2.2. Apparatus and equipment 

2.1. Reagents 

Cerium perchlorate stock solution 
G.R. grade ammonium cerric nitrate, (NH,),- 

Ce(NO,),, from LOBA Chemie was dissolved in 
1: 1 HClO,, evaporated to near dryness and fumed 
repeatedly with HClO,. Finally a stock solution 
was made in 4 M HClO,. During this process 
some of the Ce(IV) was reduced to Ce(II1). 
Ce(IV) was determined by potentiometry after 
adding an excess of ferrous sulphate and then 
back titrating excess ferrous ions with standard 
potassium dichromate solution. Total Ce was de- 
termined by potentiometry after oxidation of 
Ce(II1) to Ce(IV) with AgO in sulphuric acid 
medium. An aliquot of the stock solution contain- 
ing 3-4 mg of Ce was taken in dilute sulphuric 
acid medium. Excess silver(I1) oxide powder 
(about double the amount theoretically required) 
was added with constant stirring. After about 
3 min, when the redox potential reached a stable 
maximum the excess AgO was destroyed with 
sluphamic acid. Ferrous sulphate solution was 

A combination fluoride electrode from Orion 
Research Inc. (Model-9609) coupled to a digital 
ion analyser (EA 940) was used for the determina- 
tion of equilibrium free fluoride concentration. A 
polyethylene weight burette was used for precise 
addition of the titrant by weight which was con- 
verted to volume using the density of the solution. 
The temperature of the titration vessel was main- 
tained at 23 f 1°C using a thermostat. A Teflon- 
coated bar magnet was used for stirring. A digital 
potentiometer with a freshly cleaned platinum 
electrode and a saturated calomel electrode was 
used for measurement of the redox potential 
in redox titrations. All labware used was made 
of polypropylene. Water used was double quartz 
distilled. 

2.3. Procedure 

Before each experiment for the determination 
of the stability constant, the fluoride electrode was 
freshly calibrated using standard fluoride solution 
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to obtain the standard electrode potential (E;) 
and the electrode slope (S). The relation between 
[H’] and liquid junction potential (Ej) was eval- 
uated using the procedure described in our ear- 
lier work [1,6]. For the determination of the 
stability constant an aliquot of cerium stock so- 
lution containing about 10 mg Ce was taken in a 
thermostated polypropylene beaker. About 30- 
40 mg AgO powder (at least twice the amount 
theoretically needed for complete oxidation) was 
added and immediately a known weight of NaF 
solution was added with constant stirring. Dilute 
perchloric acid solution was then added to the 
solution to bring the acidity below 1 M while 
maintaining the ionic strength at 1 M. Small in- 
crements of fluoride solution were added and the 
potentials (stable to within +0.2 mV) were 
noted. About 35-40 readings were taken in each 
experiment. The experiment was repeated with 
different quantities of total cerium. The electrode 
was washed thoroughly immediately after each 
experiment and kept in a very dilute fluoride 
solution for conditioning. 

3. Results and discussion 

3.1. total conaersion to Ce(IV) and its 
stabilisation 

At the outset it was necessary to ascertain 
that Ce(III) was completely oxidised to Ce(IV) 
by AgO. It was observed that in perchloric acid 
medium Ag(I1) decomposed rapidly and almost 
completely within 10 min. Ce(IV), obtained by 
the oxidation of Ce(II1) by AgO in perchloric 
acid medium, also underwent reduction to 
Ce(II1) slowly. The recovery of Ce(IV) on poten- 
tiometric analysis decreased with waiting time. 
However, when an amount of fluoride was added 
immediately after addition of AgO, the oxidation 
state of Ce(IV) remained stable. Fluoride pre- 
vented the reduction as it brought down the re- 
duction potential by preferably complexing with 
Ce(IV). This was confirmed by analysis of 
Ce(IV) in the presence of small amounts of 
fluoride (with varying waiting time) which 
showed 100% recovery. The amount of fluoride 

thus added initially was taken into account of 
the total fluoride added during titration. Ag+ 
introduced in the solution and the H+ consumed 
by the oxide were taken into account in adjust- 
ing the total ionic strength of the medium of 
1 M. Total H+ concentration of the medium, 
H,, was corrected for the H+ consumed by the 
dissolution of the silver oxide. 

3.2. Precention of hydrolysis and polymerisation 
of Ce(IV) 

As Ce(IV) is extremely susceptible to hydroly- 
sis and polymerisation the stock solution had to 
be made in very highly acidic medium and used 
within a few days. It must not be stored for a 
long time. Even in 4 M HClO, medium problems 
were encountered when the solution was aged for 
a few weeks. It was very important to treat the 
aliquot of metal ion stock solution in 4 M 
HClO, medium with AgO and NaF solutions 
before diluting to below 1 M with respect to 
HClO,. The role of F- in preventing hydrolysis 
and polymerisation is well known [8]. In an ex- 
periment the redox potential of the Ce(IV)/ 
Ce(II1) couple in the presence of fluoride (the 
same amount as added initially before dilution in 
our titration) was noted while adding micro 
drops of NaOH solution with vigorous stirring. 
As Ce(IV) is more susceptible to hydrolysis a 
drop in potential is expected when hydrolysis 
begins. The potential remained constant (at 
1.265 V vs. standard calomel electrode) up to the 
addition of a certain amount of NaOH. The 
addition was stopped at the point where the po- 
tential started falling (1.254 V) with the appear- 
ance of a faint turbidity in the medium. The H+ 
concentration of the medium determined at this 
point by titration with standard NaOH in citrate 
buffer was 0.6 M. The initial acidity of the med- 
ium in our experiments was maintained higher 
than 0.7 M with respect to HClO,. In the ab- 
sence of fluoride a much higher acidity (much 
exceeding the desired ionic strength of the 
medium) might be required, which was found to 
be detrimental to the life and performance of the 
fluoride-sensing electrode. 
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Equilibrium data for cerium(lV) fluoride system (I = 1 .O M) (standard potential = -247.85 mV, slope = 58.32 mV) 
- 

& (mv) 

246.0 
182.0 
167.0 
155.4 
139.9 
133.4 
123.9 
114.9 
103.8 

92.3 
84.4 
76.2 
67.9 
61.1 
54.2 
48.1 
42.9 
37.0 
30.6 
21.2 
15.5 
10.9 
5.4 
1.0 

MT (mW HT 0-W 6 WV E, (mv) 

7.075 
6.920 
6.826 
6.725 
6.583 
6.523 
6.434 
6.356 
6.268 
6.186 
6.132 
6.076 
6.017 
5.966 
5.910 
5.856 
5.806 
5.143 
5.667 
5.531 
5.430 
5.337 
5.214 
5.104 

856.127 
837.435 
825.981 
813.818 
796.596 
789.343 
778.579 
769.029 
758.433 
748.543 
742.056 
135.294 
723.156 
721.990 
715.126 
708.638 
702.633 
695.018 
685.743 
669.341 
657.11 I 
645.817 
630.979 
617.590 

0.697 
2.862 
4.188 
5.597 
7.591 
8.430 
9.677 

10.783 
12.084 
13.155 
13.906 
14.689 
15.515 
16.229 
17.024 
17.775 
18.471 
19.352 
20.426 
22.325 
23.142 
25.049 
26.767 
28.318 

- 27.9 
- 27.4 
-27.1 
- 26.8 
-26.3 
-26.1 
-25.8 
-25.6 
-25.3 
-25.0 
- 24.8 
- 24.7 
-24.5 
- 24.3 
-24.1 
-23.9 
-23.8 
-23.6 
-23.3 
-22.8 
-22.4 
-22.1 
-21.6 
-21.2 

H+ (mM) F- (mM) 

856.124 0.113246 x 1O-5 0.0985 
837.424 0.143946 x 1O-4 0.4120 
825.962 0.257230 x 10W4 0.6108 
813.786 0.423409 x 10W4 0.8276 
796.540 0.795009 x low 1.1445 
789.270 0.103545 x lo-’ 1.2813 
778.470 0.152381 x 10-j 1.4876 

768.879 0.219588 x IO-’ 1.6730 
758.251 0.344166 x IO-’ 1.8780 
748.178 0.547687 x IO-’ 2.0676 
741.559 0.753356 x 10-j 2.1866 
734.698 0.104897 x lo-’ 2.3045 
727.206 0.146705 x IO-’ 2.4206 
720.749 0.193186 x 10-l 2.5124 
713.529 0.255613 x 10m2 2.6059 
706.589 0.327583 x IO-’ 2.6835 
700.112 0.404971 x Ior2 2.7463 
691.849 0.515258 x lo-’ 2.8168 
681.678 0.670723 x IO-’ 2.8861 
663.493 0.991440 x 1o-2 2.9771 
649.829 0.126016 x 10-l 3.0290 
631.137 0.153201 x 10-l 3.0646 
620.286 0.193858 x 10-l 3.0792 
604.974 0.234491 x IO-’ 3.0723 

3.3. Calculation of concentration stability 
constants 

The measured fluoride electrode potential, E, 
(corresponding to each addition of fluoride to the 
metal ion solution), was used for the determina- 
tion firstly of approximate and then of more 
corrected values of free fluoride ion, free hydro- 
gen ion and the liquid junction potential using the 
iterative procedure described in the earlier work 
[l]. The total hydrogen ion concentration, H,, 
and the free fluoride ion concentration, [F-l, at 
each point were used for the evaluation of the 
fluoride attached to H+ as HF and HF; using 
their stability constant values [l]. The average 
number of F- ions attached to the metal ion (ti) 
was then calculated. Stability constants were 
obtained by non-linear least-squares fitting to 
Bjerrum’s equation for mononuclear complexes 
(program BETA). The MINIQUAD program [9] us- 
ing least-squares fitting to mass balance equations 
was also used to obtain another set of results on 
the same experiments. A typical set (set I) of 

primary and processed data is presented in Table 
1. The concentrations of HF and free F- in the 
equilibrium mixture increased with the increasing 
amount of added fluoride leading to a progressive 
decrease in the tendency of Ce(IV) to undergo 
hydrolysis and polymerisation. As evident from 
Table 1, towards the end of the titration the free 
H+ ion concentration dropped appreciably. How- 
ever, by then, large concentrations of HF and free 
F- had accumulated, the value of fi was above 
two and almost all the Ce(IV) ions were attached 
to one or more fluoride ions. These factors com- 
bined to prevent hydrolysis at the lower acidity 
encountered towards the end of titration. Average 
log values of the overall stability constants ob- 
tained for the three sets by the two methods of 
calculation are presented in Table 2. A speciation 
plot is shown in Fig. 1. The best fit was obtained 
when four constants (/I, -p4) were included. Inclu- 
sion of higher constants decreased the goodness of 
fit and increased the standard deviation. The pos- 
sibility of some fluoride ion being attached to 
silver ion and its effect on the final results were 
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Stability constants of the fluoride complexes of Ce(IV) in perchloric acid mediuim (I = I M, Temp. = 23 k 1°C) 

Set No. 1% B, log /Jz lois 82 

I” 7.561 k 0.025 14.427 k 0.021 20.249 + 0.028 
Ib 7.558 f 0.040 14.417 * 0.034 20.230 k 0.055 
II” 7.572 f 0.136 14.508 + 0.091 20.083 + 0.136 
Ilb 7.580 & 0.096 14.504 & 0.046 20.098 + 0.118 
III” 7.588 k 0.123 14.554 + 0.061 20.015 kO.128 
IIP 7.581 & 0.158 14.556 f 0.074 20.025 & 0.164 

Mean 7.573 k 0.045(6) 14.498 f 0.026(6) 20.126 + 0.037 

a By program BETA. 

b By program MINIQUAD (R factors: Set I, 0.000102; Set II. 0.000148; Set III. 0.000799). 

log a4 

24.229 f 0.075 
24.243 f 0.176 
24.170 + 0.240 
24.159 0.255 f 
24.309 f 0.154 
25.138kO.117 

24.141 + 0.099(5) 

examined by including silver fluoride complex in 
fluoride mass balance equation in the MINIQUAD 

program. Though the concentration of Ag+ was 
high the amount of fluoride attached to it was 
very negligible. The value of log p, for AgF is 

I- 

\ 

d,, : [C.4+], d, : [C.F3+] 

d2: [C.F22+], d3 : [C.F; ] 

\ 

d4 : [C.F4 ] 

Fig. I. Speciation plot of cerium(IV)-fluoride system. 

reported [3] to be -0.32. The values for Ce(IV)) 
fluoride complexes remained unchanged after the 
correction. Only one work [lo] in 3.8 M ionic 
strength medium containing 3 M H,SO,, in which 
Ce(IV) is stable, is reported in the literature. 
However, sulphate also forms a strong complex 
with Ce(IV). No measurement in the perchloric 
acid medium was reported in the literature, 
mainly because of the instability of the oxidation 
state. This has been taken care of by the particu- 
lar procedure followed in the present work. Close 
agreement of the B values in different sets of 
experiments with varying metal ion concentration 
indicated that only mononuclear complexes were 
formed in this experimental condition. 

An attempt was made to examine whether this 
value of the stability constant of the Ce(IV)-F 
complex agrees with the general trend of the 
fluoride complexes of other cations as correlated 
with their fundamental properties such as charge 
and radius [l l] and, in a more generalised way, 
their electronic structure as well (Brown-Sylva- 
Ellis or BSE equation) [12]. Values of stability 
constants [3] of monofluoro mononuclear com- 
plexes of various metal ions were collected. Gen- 
erally values obtained in perchlorate medium of 
1 M and, in a few cases, 0.5 M ionic strength and 
at temperature 298 ? 5°C were taken and con- 
verted to so-called thermodynamic values at zero 
ionic strength using the Debye-Hiickel equation 
modified by Davies [13] as given below: 

log a: = log p, - A AZ; [p ‘:‘I( 1 + pi:*) - O.~/L] 

where 
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12ti 
10 INTERCEPT = - 0.319 

SLOPE = 0.069 
CORRCOEFF. = O.BD3 
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Fig. 2. Position of Ce(lV) in the linear correlation of thermo- 
dynamic stability constants of the monofluoro complexes of 
metal ions with the BSE parameter [12] involving charge, 
radius and electronic structure. 

The value of “A ” was taken as 0.5115. The values 
of ionic radii were obtained from the compilation 
of Shannon [14]. Among the various relations, the 
columbic attraction parameter, [Z, Z,/(r, + 
r,)], and the BSE parameter, g,(Z,/r& + g2), 
gave good linear relations with pi0 (regression 
coefficients 0.9686 and 0.9928 respectively). The 
slope and intercept of the former were 7.965 and 
-6.11 respectively. A plot of the latter is pre- 
sented in Fig. 2. The measured value of Ce(IV) 

fits in very well in both the plots. However, unlike 
Zr4+, the values of Hf4’ could not be compared 
as the values reported in the literature are ob- 
tained only in very high acidity and ionic strength 
media. 
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Abstract 

Formation of Cu(II) and Ni(II) complexes of 1,2,-dihydroxy-9.10-anthraquinone (DHA) has been studied by the 
spectrophotometric method. Both the metals form stable complexes of the type [M(LH)J where LHH, represents 
DHA. The effective stability constant of the Cu(I1) complex is 5.135 x 1019 while that of the Ni(I1) complex is 
3.446 x 1025. These complexes, unlike free DHA, do not catalyze the flow of electrons from NADH to molecular O2 
through NADH dehydrogenase. 

K~JWW~S: 1.2-Dihydroxy-9,10-anthraquinone(DHA); Cu(II)-DHA; Ni(II)-DHA; Stability constant; Cardiotoxicity 

1. Introduction 

Anthracyclines constitute an important class of 
chemical compounds. The presence of a quinone 
chromophore which acts as a mediator in electron 
transport processes in many living systems has 
prompted an extensive study of these compounds. 
Techniques such as spectrophotometry, fluores- 
cence studies and circular dichroism have been 
applied as probes [ 1 - 51 to understand the nature 
and chemical characteristics of such molecules. 
These compounds gained more importance with 
the discovery that they could be used as drugs in 
the treatment of cancer. Among the chemothera- 

* Corresponding author. Fax: (91)033-374-637. 

peutic drugs in use today, quinone anti-tumor 
agents such as daunorubicin and adriamycin are 
important [6- 131. However, the principal draw- 
back from which these drugs suffer is that they 
are cardiotoxic [14- 191 and should not be applied 
to patients for a prolonged period of time. These 
compounds are reduced to semiquinone [20-231 
by enzymatic systems and then reoxidised by 
molecular oxygen to give superoxide radicals and 
other reactive oxygen species [24&26]. In fact 
these radicals are responsible for the anti-tumor 
activity and cytotoxic properties of these com- 
pounds. Earlier studies [27,28] have shown that 
formation of metal complexes with these drugs 
greatly influences the toxicity imparted by them. 
In fact, complexation of adriamycin and carmino- 
mycin by Fe(III) gives complexes which are less 
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cardiotoxic [29-311 than the parent drug but quite 
effective as an anti-tumor agent against P 388 
leukemia. 

A number of metal complexes [27,32-341 of the 
anthracyclines have been tried for the treatment 
of cancer and their use has aroused growing inter- 
est in the study of the role of metal ions in these 
compounds. It is now well established from vari- 
ous studies conducted on model nucleic acid bases 
[35-391 and hypoxic tumor cells [40,41] that tran- 
sition metal ions are quite effective as radiosensi- 
tizers. These metal ions are also good binding 
agents for cellular target DNA [42-441. Hence 
complexation of these drug molecules with suit- 
able transition metals [45,46] to give a soluble 
complex would result in a compound which 
would be less cardiotoxic [27,28] but could be 
better targetted to cellular DNA. However, there 
is also a possibility that due to complexation with 
metal ions the drugs may lose a certain amount of 
their chemotherapeutic significance. 

Previous studies have shown that metal ions 
such as Fe’+ form complexes with quinizarin 
derivatives [47.48] while the formation of long- 
chain polymers was observed for CL?+ and vari- 
ous dihydroxyquinoid ligands [49] in the solid 
state. A very recent study [2] has indicated that 
Al’+ ions show a profound tendency to bind 
molecules such as quinizarin and quinizarin-2-sul- 
phonic acid which are essentially the core 
molecules of the anthracycline antibiotics, The 
stability of these compounds has been reported to 
be comparable to those of the A13+ -adriamycin 
complexes. Studies on the complexation of 1,2-di- 
hydroxy-9,10-anthraquinone with metal ions have 
not been reported. In this investigation we have 
studied the complexation of this molecule with the 
transition metal ions Cu(II) and Ni(II) and have 
determined their stability constants. 

Furthermore, we have prepared the Cu(II) 
and Ni(I1) complexes of 1,2-dihydroxy-9, lo-an- 
thraquinone (DHA) and characterized them by 
spectroscopic techniques. Also, their ability to be 
reduced by enzymatic processes was assessed by 
following their catalytic role in the flow of elec- 
trons from nicotinamide adenine dinucleotide 
(NADH) to molecular oxygen, forming superox- 
ide radical through the enzyme NADH dehydro- 
genase [29]. 

2. Materials and methods 

2.1, Mattlrials 

DHA (BDH) was purified by recrystallization 
from pure ethanol and was used in the present 
investigation. Concentrations of solutions used 
were of the order of lops M. Substances contain- 
ing the quinone moiety being sensitive to light, all 
solutions used were prepared just before the ex- 
periments or if required were stored in a dark 
place. Standard Cu(II) and Ni(II) solutions were 
prepared using analytical reagent grade CuSO,. 
5H,O and NiS0,.7H,O respectively. Sodium ni- 
trate of analytical grade was used to maintain the 
proper ionic strengths in the medium. Cy- 
tochrome c (extrapure) was purchased from the 
Sisco Research Laboratories, India. b-Nicotin- 
amide adenine dinucleotide, reduced form (b- 
NADH), and NADH dehydrogenase were pur- 
chased from Sigma. The enzyme activity was 
assayed [50] by following the increase in ab- 
sorbance at 550 nm of cytochrome c in the pres- 
ence of NADH dehydrogenase at pH 7.4. 
Superoxide dismutase (SOD) was obtained as a 
gift from the Department of Biochemistry, Uni- 
versity of Calcutta. The specific activity of the 
enzyme was 6500 units rng-’ of protein. Hepes 
buffer [51] (4-(-hydroxyethyl)-1-piperizine ethane- 
sulphonic acid; 0.05 M) was used for maintaining 
the pH of the solutions. All solutions were pre- 
pared in triply-distilled water. 

Absorption spectra were taken on a UV-2101 
Shimadzu spectrophotometer. 

3. Elemental analysis of the complexes 

Analyses of carbon and hydrogen were carried 
out at the Central Drug Research Institute, Luc- 
know, India. Estimations of copper and nickel in 
the DHA complexes were carried out by the 
methods described in the literature [52]. 

3. I. NA DH drhydrogmasr USSUJ 

The enzymatic assay was done at 25°C by a 
method described earlier [50] where cytochrome c 
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was used as the electron acceptor. DHA and 
complexes of DHA with Cu(I1) and Ni(II) were 
assayed for their NADH-cytochrome c reductase 
activity by following the reduction of cytochrome 
c at 550 nm. The reaction mixture contained 
0.05 M Hepes buffer (pH 7.4) 80.5 uM cy- 
tochrome c, 157.5 uM NADH, 3 U ll’ NADH 
dehydrogenase and the substance of interest. The 
concentrations of the compounds which included 
DHA, Cu(II)-DHA and Ni(II)-DHA were 
varied from 0 to 15.75 uM. The activity of the 
enzyme NADH dehydrogenase is expressed in 
units where one unit of activity reduces 1 .O u mole 
of oxidized cytochrome c per minute at pH 7.4 at 
25°C. The formation of superoxide radical anion 
catalyzed by the DHA and its complexes was 
measured from the cytochrome c reduction 
[29,53,54] inhibited by SOD in the presence of 
NADH and NADH dehydrogenase. The enzy- 
matic assay was carried out using kinetics soft- 
ware (Shimadzu Corporation). 

4. Results and discussion 

4.1. Acid dissociation of DHA 

DHA can exist in three distinctly different 
forms depending on the pH of the solution. These 
forms can be represented as LHH,, LH, and 
L2-. In LHH,, H corresponds to the hydrogen 
present on the -OH group at the C, carbon atom 
while H, represents the hydrogen on the -OH 
group at the C, atom of the carbon of DHA. 

LHH ,G=H+ + LH; K I = W+lW,L-1 
W , HLI 

(1) 

LH- , --“H:+L’- 2 
K = [H:I[L’--1 

W, L-1 
(2) 

Fig. 1 shows the absorption spectra of an aqueous 
solution of DHA at different pH values. At pH 
5. I, the absorption spectrum shows two peaks at 
307 nm and 433 nm respectively (Fig. 1). On fur- 
ther decreasing the pH by 2.0 to 3.1 there was no 
significant change in the absorption spectrum in- 
dicating that the protonation of DHA to the form 

‘Navelength, nw 

Fig. I. Absorption spectra of DHA in aqueous solution at 
dilTerent pH values: (a) 5.16; (b) 6.35: (c) 7.10: (d) 9.0; (e) 
11.07. [DHA] = 12 PM, [NaNO,] = 0.04 M. T= 25°C. 

LH: [55] takes place at much higher acid concen- 
tration. When the pH of the solution is increased 
beyond 5.1, there is a little increase in the ab- 
sorbance of the UV peak at 307 nm, but the 
absorbance of the 433 nm peak decreased. How- 
ever, with further increase of pH to 6.4, the peak 
at 433 nm disappeared and a new peak at 
z 500 nm appeared. With further increase in pH 
the peak is further red-shifted to 520 nm with 
gradual increase in the absorbance at this wave- 
length. This red shift of the peak and gradual 
increase of the absorbance, therefore, indicate 
that the ligand DHA has undergone some promi- 
nent changes in its structure. The changes can be 
attributed to the dissociation of a proton from a 
phenolic-OH group on the ligand. With further 
increase of the pH beyond 11.07, it was observed 
that the peak is shifted further to 550 nm. This 
shift with wavelength is due to the dissociation of 
a second phenolic-OH proton from a ligand. The 
dissociation of the first proton from a phenolic- 
OH group present on the ligand corresponds to 
the phenolic-OH at the C, position. The second 
dissociation then corresponds to the proton on 
the phenolic-OH at C,. To determine the proton 
dissociation constants, the absorbance of the com- 
pound at 520 nm was followed in the pH range 
4- 12. The observed absorbance, Aobsr at 520 nm 
would be given by 

A ohs =A,,/(1 + l()PH-PK~ + l()PH-PKZ) 
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+ A,,/(1 + 1OPKl -PH + 10pH PK2) 

+A,:‘(1 + 10PKl PH+ lOp‘+pH) (3) 

where A,, A,, and A, refer to the absorbances 
attributed to the forms LHH, , LH,- and L’- 
respectively and pK, , pK2 are the pK values corre- 
sponding to dissociation of LHH, given by rela- 
tions (1) and (2) respectively. By fitting the 
experimental data according to Eq. (3), as shown 
in Fig. 2, we obtained the pK, and pK2 values at 
5.98 k 0.05 and 9.88 + 0.05 respectively. 

The dissociations of the two protons from 
DHA can be explained if one carefully examines 
the structure of the molecule. DHA exists in two 
canonical forms I and II [56]: 

The phenolic-OH at C, in structure I is associated 
by strong hydrogen bonding with the neighboring 
carbonyl at C,. In the other canonical form II the 
hydrogen bonding exists but in this structure the 

Fig. 2. Spectrophotometric titration of DHA, shown by the 
variation of absorbance at 520 nm; [DHA] = 12 pM. 
[NaNO,] =0.04 M, T= 25 “C. The solid line represents the 
fitted data according to Eq. (3). 

carbonyl is in C,. thus rendering an electron 
withdrawing effect on the phenolic-OH at C,. As 
a consequence of this the phenolic-OH at C, 
becomes more acidic than one would normally 
expect (pK = 5.98) and dissociates first. Owing to 
the presence of the intramolecular hydrogen 
bonding, the phenolic-OH at C, dissociates later 
and this therefore corresponds to the pK of 9.88. 
Similar values for the pK (10.0) of phenolic-OH at 
C,, of the anthraquinone moiety have been re- 
ported for such molecules as doxorubicin and 
daunorubicin [33]. 

It was further seen that upon complexation of 
the ligand with metal ions through the carbonyl 
group at C, and the phenolate anion at C, the I 
structure for the ligand molecule predominates. 
As a result it was found as expected that in the 
complexed state the dissociation of the phenolic- 
OH at Cz is decreased and it now has a pK % 8.2 
(discussed later). The dissociation of the ligand in 
the presence of metal ions therefore occurs as 
shown by the following equation: 

LHH, = H: + LH- (4) 

where H: corresponds to the dissociation of a 
proton from -OH at C,. This deprotonation step 
of -OH at C, has been characterized by pK, for 
the free ligand. 

4.2. Formution of the Cu(II) mu’ Ni(II) 
complexes of DHA 

When C&O, was added to a solution of DHA 
at neutral pH an absorbance peak at 520 nm was 
observed. In order to determine the stoichiometry 
of the complex formed between DHA and Cu2+ a 
fixed concentration of the metal ion was taken 
and the concentration of the ligand (DHA) in 
solution was varied. The pH was maintained at 
7.0 using Hepes buffer. It was found that with a 
gradual increase in the concentration of the ligand 
(DHA) with respect to a fixed concentration of 
the metal ion absorbance of the solution mea- 
sured at 520 nm gradually increased. When the 
molar concentration ratio of the metal ion to 
ligand reached 1:3, the absorbance at this wave- 
length reached a maximum value and it remained 
unchanged even after subsequent increase in the 
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No.+ 

M - cu 2*, Ni’*. 

Fig. 3. Schematic diagram of the Na [M(DHA),] complex. 

ligand (DHA) concentration for a fixed concen- 
tration of the metal ion. Thus one can suggest 
that Cu2+ forms a 1:3 complex with DHA in 
solution which may be represented by the sche- 
matic diagram (Fig. 3). However, it was also seen 
that when the concentration of Cu*+ in solution 
was increased with respect to DHA a purple to 
violet coloured polymeric insoluble substance re- 
sulted. The polymeric material precipitated out of 
the solution as soon as it was formed. 

For accurate characterization of the complex, 
spectrophotometric titration of the Cu(II)-DHA 
system at 1:3 molar ratio was performed at an 
ionic strength of 0.05 M. The pH of the DHA 
solution was first lowered to 2.9 and Cu(I1) solu- 
tion was added to it. Then the solution was slowly 
titrated with 0.1 M NaOH solution. Fig. 4 shows 
the absorption spectra at various pH values. At 

- --- 
I 

0 003;,0 I I 
400 5co 600 700 

Viovelength, nm 

Fig. 4. Absorption spectra of DHA in the presence of CL?+ at 
different pH values: (a) 2.90; (b) 4.16; (c) 4.70: (d) 5.50; (e) 
7.20. [DHA] = 19.84 PM, [CuSO,] = 6.613 pM, T= 25°C. 
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Fig. 5. Spectrometric titration of DHA in the presence of 
CL?+ as shown by the variation of absorbance, at 520 nm; 
[DHA] = 19.84 FM, [CuSO,] = 6.613 PM, [NaNO,] = 0.04 M, 
T = 25°C. The solid line represents the fitted data according to 
Eq. (10). 

pH 2.9, the solution shows an absorption peak at 
423 nm which, however, increases in intensity with 
increasing pH until it reaches a pH z 5.50. At this 
pH, the intensity of this peak decreased with the 
formation of a new absorption peak at 520 nm. 
This change in peak indicates deprotonation of 
one of the OH groups of the DHA molecule. For 
a further increase in pH, the intensity at 520 nm 
increases. The change in absorbance at 520 nm 
with an increase in pH was followed as shown in 
Fig. 5. It was observed that in the pH range 5-6 
one of the protons from the OH groups has been 
released. The formation constants for the com- 
plex, ,8* and j?, can be described as follows: 

Cd+ + 3HH, L+ {Cud-W, 

‘* = 
[{Cu(LW,i 1W;l” 

[Cu2+][HH, L13 

+ 3H: (5) 

(6) 

Cu’+ + 3LHP- -iCu(LW,) - (7) 

[fCu(LW,) -1 
’ = [Cu’+][LH -1’ 

From Eqs. (4) and (8) one gets 

(9) 

where K2 is the equilibrium constant for the disso- 
ciation of the proton of DHA as shown in Eq. (4). 
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The release of the proton from the phenolic-OH 
at C, corresponding to K, occurs later during 
the course of complexation. The formation con- 
stant b* of the Cu(I1) complex was determined 
from the above spectrophotometric titration. 
The absorbance Aobs at 520 nm could then be 
described as 

A ohs= A,/(1 + 10PHppK)+ A,/(1 + 10pX-pH) (10) 

where A, and A, are the absorbances corre- 
sponding to the forms LHH, and LH- respec- 
tively. Fitting the experimental data as shown in 
Fig. 5, one gets a pK value of 4.98 k 0.05. The 
value of the formation constant /3 for 
[Cu(II)(LH)J can then be determined from re- 
lation (9) and was found to be 5.135 x 1029. This 
stability constant value obtained by us is almost 
the same (103’-1034) as that for the Fe(II1) 
[27,29,32] complexes of anthracyclines having 
identical stoichiometry. However, the reported 
stability constant value of the 1:2 Cu(II)-doxo- 
rubicin [45,46] complex is 2 x 10”. Pd(I1) [34] 
ions also bind to anthracyclines with stability 
constants of the order of lo**. 

When formation of the Ni(I1) complex with 
DHA was followed, it was observed that, similar 
to the behavior of the Cu(II) species, Ni(I1) also 
forms a 1:3 complex of DHA represented by 
[Ni(II)(LH),]- (Fig. 3). The value of pK for the 
Ni(II) complex of DHA was obtained as 
6.47 _+ 0.05. the formation constant of this com- 
plex was then evaluated and found to be 
3.446 x 1025. 

4.3. Prepuration of the Cu(II) and Ni(II) 
complexes with DHA 

The Cu(I1) complex of DHA was prepared by 
mixing CuSO, and DHA in the molar ratio 1:3 
in an aqueous medium at ~30°C at neutral pH. 
The solution was then heated to about 60°C 
with constant stirring and allowed to react. It 
was then reduced to a smaller volume and al- 
lowed to stand for some time until a purple- 
coloured solid gradually separated out. The solid 
complex thus obtained was then filtered and re- 
crystallized from an ethanol-water mixture. 

Formation of the complex was ascertained by 
studying its UV absorption and IR spectra. The 
IR spectrum of pure DHA indicates a band at 
3350 cm-’ which is usually attributed to the 
presence of a strong intramolecular hydrogen 
bonding that occurs between a carbonyl group 
and an -OH group [57]. There are also sharp 
bands at 1190 cm-’ and 1280 cm-’ which are 
attributed to the O-H deformation and C-O 
stretching combinations due to the presence of 
the phenolic-OH functional group. The bands 
obtained at 1450cm-’ and 1580cm-’ may be 
assigned to the interactions of the keto group 
with the neighbouring -OH on the Cl atom. 
The peak at 1665 cm- ’ is characteristic of the 
carbonyl group (GO) stretching in quinones 
(with both carbonyl groups in the same ring) 
[57]. In the Cu(II)-DHA complex the band in 
the 3350 cm-’ region flattened due to the ab- 
sence of interaction of the phenolic -OH at C, 
with the carbonyl group, indicating the introduc- 
tion of the metal ion. At the same time the 
appearance of a peak at about 1530 cm-’ indi- 
cates the formation of a metal chelate with 
participation of one of the carbonyl groups. 
Thus the IR spectrum of the complex indicates 
that metal-DHA complex is formed with the 
Cu2+ coordinated by the carbonyl group and 
the phenolate anion at the Cl carbon atom. The 
appearance of a new band at 830 cm- ’ in the 
IR spectrum of the complex which was not 
present in the IR spectrum of DHA suggests 
the formation of an octahedral Cu(II)-DHA 
complex. 

The Ni(II)-DHA complex was also prepared 
by a very similar method as has been described 
for Cu(I1). The solid was isolated from an 
aqueous solution and recrystallized from ethanol- 
water mixtures. In a similar solution the forma- 
tion of a Ni(II)-DHA complex was ascertained 
by comparing its IR spectrum with that of the 
free ligand. 

The molecular formulae of the complexes 
prepared were determined from their elemen- 
tal analyses and it was found that both Cu(I1) 
and Ni(I1) formed complexes which can be 
represented as [Cu( LH),] - and [Ni(LH),] - 
respectively. 
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4.4. E#ect of the compounds on the superoxide diotoxicity would be greater with the Cu(II) com- 
formation by NADH dehydrogenase plex than with the Ni(II) complex. 

It has been pointed out that the cardiotoxicity 
[14- 191 induced by the anthraquinone anticancer 
drugs is related to the formation of reduced oxy- 
gen radicals such as superoxide radical anion 
[20-241 and other oxygen radical species by enzy- 
matic reduction processes. We have tested the 
ability of these complexes to be reduced by 
NADH through NADH dehydrogenase. For this 
purpose the formation of superoxide anion radical 
in the presence of the compounds was followed by 
measuring the cytochrome c reduction inhibited 
by SOD. The results are shown in Fig. 6. It is 
evident from this figure that with an increase in 
the concentration of DHA, the yield of 0; in- 
creased, indicating that DHA catalyzes the flow of 
electrons from NADH to molecular oxygen 
through NADH dehydrogenase. However, when 
the ligand is complexed with Cu(I1) and with 
Ni(II), the formation of 0, is greatly reduced. In 
fact the Cu(II) complex is more effective in com- 
parison to the Ni(I1) complex in reducing the 
formation of 0,. Thus the reduction in car- 

-. -a20w 20 

[Anthraquinonr] , PM 

Fig. 6. Effect of DHA and complexes of DHA on superoxide 
formation by NADH dehydrogenase. Superoxide formation 
was determined spectrophotometrically by the rate of superox- 
ide dismutase-inhibitable cytochrome c reduction. Reaction 
mixture composition was 0.05 M Hepes buffer (pH 7.4) 
80.5 )IM cytochrome c, 157.5 PM NADH, 3 UI-’ NADH 
dehydrogenase, 0 or 39.2 ug ml-’ SOD and the indicated 
amount of compound. (A, DHA; 0, Ni(II))DHA; 0, 
Cu(II)-DHA.) 

As already mentioned the formation of super- 
oxide (0;) in such enzymatic reactions occurs 
when the semiquinones are oxidized by molecular 
oxygen (0,). As a result of complexation the 
carbonyl at C, of DHA is engaged in coordinat- 
ing the metal ions Cu(I1) and Ni(I1) in their 
respective complexes. Consequently one of the 
quinone carbonyls in DHA is unable to form 
semiquinone any more. This therefore decreases 
the chances of formation of superoxide (0,) to a 
considerable extent in the case of the complexes. 
However, semiquinones may form through the 
reduction of C,, carbonyl. Due to the presence of 
a metal ion in the complex an electron will be 
transferred from the semiquinone centre to the 
metal ion in the complex which will therefore 
decrease the ability of the semiquinone to interact 
with molecular oxygen (0,). Thus there is ob- 
served an overall decrease in the superoxide (0;) 
formation in the case of the complexes in com- 
parison to free DHA. That the Cu(I1) complex is 
more effective in reducing the formation of 0, 
over the Ni(I1) complex can be attributed to the 
higher redox potential of Cu(I1) over that of 
Ni(I1). It can be concluded from the above obser- 
vations that the complexes would be less car- 
diotoxic than the parent drug and could be safely 
used for cancer therapy. 
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Abstract 

In recent years. the use of chlorine dioxide as an alternative disinfectant for drinking water has become increasingly 
attractive. As a result. an accurate method for the determination of mg 1~’ concentrations of chlorine dioxide is 
needed. Improvements to chlorophenol red (CPR) spectrophotometry result in a selective method for CIO, with few 
interferences. CPR selectively reacts with 0. I ~ I .9 mg I ’ CIO, at pH 7, yielding a linear response (0.9994) with a limit 
of detection of 0.12 mg I- ’ CIOz. Several species, ClOi- 1 CIO, , NH,CI. and free available chlorine (FAC), were 
studied as potential interferents using this method. There was found to be less than 2% interference due to 1.38 mg 
I ’ CIO;, 9.87 mg 1~ ’ CIO, , and 5.31 mg I ’ NH,CI. The interference from up to I, 19 mg 1~ ’ FAC was < 3.7% 
and could be further reduced by the addition of oxalic acid, sodium cyclamate or thioacetamide. 

K~~lc,or~ls:Chlorine dioxide: Chlorophenol red: Drinking water 

1. Introduction 

The primary goal of water disinfection is to 
remove or inactivate pathogens that exist in our 
water supply. At present, chlorine is the most 
widely used chemical for disinfection of water and 
wastewater in the United States. However, it was 
reported in 1974 that chlorination of drinking 
water [l] often results in the formation of tri- 
halomethanes (THMs). THMs [2] are known car- 
cinogens, and in order to comply with the 
maximum contaminant level for total THM con- 
tent, many water utilities are switching to alterna- 
tive oxidants [3] for water disinfection. 

*Corresponding author. Fax: (513) 529-57 15. 

In recent years, the use of chlorine dioxide as 
an alternative disinfectant for drinking water has 
become increasingly attractive. In addition to re- 
moving some of the THM precursors [4,5] from 
drinking water, the use of chlorine dioxide does 
not result in the formation of THMs. Because 
there are some health effects [6] associated with 
chlorine dioxide and its inorganic byproducts, 
chlorite and chlorate ions, accurate methods for 
the determination of these species are required. 

There are very few specific and accurate colori- 
metric methods [7] available for the determination 
of chlorine dioxide. In 1978, Wheeler et al. [S] 
developed titrimetric and spectrophotometric pro- 
cedures for the determination of chlorine dioxide, 
based on the oxidation of chlorophenol red 
(CPR). Both procedures were carried out at pH 
7.0, and the titrimetric procedure required a com- 

0039.9140/961’$15.00 mc 1996 Elsevier Science B.V. All rights reserved 
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plex standardization procedure for CPR. The au- 
thors reported no interferences due to OCl- , 
ClO, , ClO,, Fe- ‘+, MnO; or CrOi- in the 
ClO, determination. This method is suggested for 
a 0.05-2.5 mg 1-I ClO, concentration range. 

Harp et al. [9] developed improvements to the 
CPR spectrophotometric method. A pH 5.2 cit- 
rate buffer and a pH 10 2-amino-2-methyl-l- 
propanol buffer were used in this procedure, 
which was developed for three concentration 
ranges of chlorine dioxide: O-l.0 mg l- ‘, O-O.2 
mg ll’, and O-O.1 mg 1-l. 

In 1985, Fletcher and Hemmings [lo] reported 
additional improvements to the CPR spectropho- 
tometric method, carried out using a pH 7.0 
phosphate buffer. The authors reported no inter- 
ferences from ClO,, ClO<, NH&l, NHCI, or 
NO,. However, FAC was found to react with 
CPR at FAC concentrations as low as 0.5 mg 1~ ‘. 
The FAC interference was removed by the addi- 
tion of sodium cyclamate and thioacetamide to 
the sample. This method is recommended by the 
authors for CIO, concentrations of up to 0.4 mg 
l- ‘. 

As a follow up to the previously reported re- 
sults, we carried out preliminary experiments in 
order to improve the CPR method. Initially, the 
standardization procedure for the CPR titrimetric 
method was studied, requiring acidification of 
CPR with concentrated sulfuric acid prior to titra- 
tion of the solution with 0.01 N potassium dichro- 
mate. Because this reaction is slow [8], the 
titration was carried out at 100°C. The stoi- 
chiometry of the K&r@-CPR reaction was 
found to be 2: 1. Because the standardization pro- 
cedure is complex, the spectrophotometric method 
was studied. The molar absorptivity of CPR is 
1.51 x lo4 M- ’ cm ~ ’ at 574 nm. In this work, 
experiments were carried out in order to improve 
the analytical characteristics of the CPR spec- 
trophotometric method and to determine the ex- 
tent of interferences from selected species. 

2. Experimental 

All of the solutions were prepared using deion- 
ized triply-distilled water. Three different CPR 

reagents were studied: MC/B indicator grade 
(3.40 x 1 Op4 M), Aldrich indicator grade 
(3.54 x lop4 M), and Aldrich water soluble, 70% 
dye content (2.51 x lop4 M-2.67 x 1O-4 M). 
Sodium chlorite from Eastman Kodak was triply 
recrystallized [11,12] and the purity was greater 
than 99%. FAC (35.78 mg 1-l Cl,) and NH&I 
(48.02 mg 1 - ’ Cl,) were prepared [8] and delivered 
directly into the sample cell via 50.00 ml burets. 
The N,N-diethyl-p-phenylenediamine (DPD) titri- 
metric method [13] was used in order to determine 
the concentrations of the FAC and NH,Cl solu- 
tions. 

Chlorine dioxide was prepared [14] with a labo- 
ratory scale generator. Owing to its volatility, 
chlorine dioxide was added directly to the pH 7.3 
buffer in the sample cell using a Metrohm Herisau 
E535 Autoburet and placing the tip of the titrator 
below the surface of the solution in the cell. The 
resulting stock solution was kept in a brown 
bottle in ice in order to minimize any loss of 
chlorine dioxide over time. Its concentration was 
calculated from its absorbance using a molar ab- 
sorptivity [15] of 1250 M ~ ’ cm ~ ’ at 360 nm. 

The CPR species at different pH values are 
shown in Fig. 1. Because the spectrophotometric 
method is based on the absorbance of the red 
species at 574 nm, it was necessary to keep the 
reaction conditions at pH 7 or higher to ensure 
the presence of only one CPR species in the 
solution. Therefore, in this work a 1 M, pH 7.3 
phosphate buffer was used in order to maintain a 
stable pH between 7.0 and 7.5. The buffer concen- 
tration at the time of the CPR-ClO, reaction was 
0.06-0.22 M. This was shown to be high enough 
to minimize any effects of variations due to water 
hardness and the like. 

50% H,SO, pH 5.5 PH 7 
Pink Yellow Red 

yj _ 
Cl / 

0-H C 
=o= 

fj _ 

0 C 0 

0 : ’ 5o-‘c’ 

=e 

0 : ’ G- c’ 

Fig. I. CPR species [S] at different pH values. 



Table 1 

Comparison of absorbance values at pH 7.3 -7.5 for direrent 

CPR reagents without chlorine dioxide m solution 

CPR CPR concentration Absorbance 

reagent CM) (i = 574 nm) 

Indicator. MC’B 1.26 x IO-’ 0.0509 

Indicator. Aldrich I.31 x lo-‘ 0.2370 

Water Soluble. Aldrich 9.30 x lOmh 1.557 

An HP8450A UVjvisible spectrophotometer was 
used to measure the absorbances of the solutions. 
A 3.00 cm fused-silica cell of 9.048 f 0.007 ml 
volume was used. All solutions were delivered 
directly into the sample cell. The absorbances for 
the solutions in the CPR method were measured at 
the maximum wavelength of 574 nm. 

3. Results and discussion 

3.1. CPR rrugrnt qwlit~ 

In order to determine if the quality and/or source 
of the CPR reagent are factors in this method, the 
absorbances of the diluted CPR solutions (pH 
7.337.5) were measured; the results are shown in 
Table 1. Although the concentration of the water 
soluble reagent solution was less than those of the 
indicator grade reagent solutions, the former has a 
higher absorbance value. 

The higher absorbance value for the water solu- 
ble reagent solution may be attributed to the 
greater solubility of CPR in the solution or to a 
higher purity of CPR in the reagent. Since the water 
soluble CPR reagent has the highest absorbance 
value without chlorine dioxide in the solution and 
the CPR method is based on the decrease in 
absorbance of the CPR indicator solution when 
CPR reacts with chlorine dioxide, the water soluble 
CPR reagent was used in the optimization and 
interference studies of the CPR method. 

3.2. Optinlted CPR method 

1 mol of CPR reacted with 2 mol of CIOz in basic 
solution to form a colorless product. In the absence 

of sufficient CPR, the absorbance of the CPR- 
ClO, solution increased over time. In other words, 
less of an overall absorbance change occurred than 
expected from competitive side-reactions. There- 
fore, the concentration of CPR must be kept in 
excess. This effect is reflected in the %SD column 
of the results shown in Table 2. 

When the concentration of CPR was greater than 
that of chlorine dioxide (0.23 mg l-l), the ab- 
sorbance change over time was only 0.4%. How- 
ever, when the ClO, concentration (0.92 mg l- ‘) 
was greater than that of CPR, the absorbance 
change was 12.1%. Therefore, it is necessary to have 
an excess of CPR in solution in order to minimize 
the errors associated with the determination of the 
ClO, residual by this method. 

For the determination of ClO,, a CPR concen- 
tration of 1.18 x 10 ~ 5 M was used. The pH 7.3 
buffer concentration was 0.22 M in order to main- 
tain a constant pH for all of the solutions studied, 
and the CPR absorbances were measured. 

Typical absorbance values for the CPR-chlorine 
dioxide reaction with a 0.13- 1.94 mg 1~~ ’ ClO, 
concentration range are depicted in Fig. 2. A plot 
of absorbance change versus chlorine dioxide con- 
centration (mg l- ‘) yields a linear response 
(R = 0.9994) with a slope of 0.7899 and a y-inter- 
cept of - 3.119 x 10 ‘. This results in an LOD [ 131 
of 0.12 mg 1~ ’ ClO?. 

Experiments were carried out in order to deter- 
mine if chlorite ions, chlorate ions, monochlo- 
ramine, and FAC react directly with CPR, and if 
these species interfere with the determination of the 
chlorine dioxide concentration. 

Table 2 

Comparison of absorbance changes over I I min for I I sam- 

ples with decreasing concentration ratios of CPR to CIO, at 

pH 7.3 1.5 

C-10, CPR Average ‘%SD’ 

(Ml CM) absorbance 

3.425 x IO h 4.15 x IOmh I.940 * 0.008 0.4 

1.023 x IO 4.15x10 h 0.635 k 0.017 2.7 

1.368 x IO ’ 4.15 x 10mh 0.354 * 0.043 12.1 

“Standard deviation. 
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Fig. 2. Plot of CPR-CIOz absorbance data. 

Because the chlorite ion is a byproduct of ClO, 
decomposition, it will almost certainly be present 
in C102 samples. The direct reaction of chlorite ions 
with CPR was studied by mixing a 41.4 mg 1~ ’ 
chlorite ion solution with CPR. The absorbance 
change was 0.011, which is only a 0.5% difference 
from the blank absorbance value (CPR only). 

The interference of chlorite ions in a solution of 
ClO, was also studied. Table 3 shows the results 
obtained for various concentrations of chlorite 
ions with 1.03 mg 1 - ’ chlorine dioxide in solution. 
When the chlorite ion concentration is equivalent 
to or less than the chlorine dioxide concentration, 
the percentage difference is d 2.0% which is an 
acceptable level of error. However, as the chlorite 
ion concentration is increased, the percentage 
difference also increases. 

Because the absorbance increases with increas- 
ing chlorite ion concentration and, as a result, the 

Table 3 
Chlorite ion interference in the CPR method 

CIO, CIO; Average Change in ‘% 
(mg I-‘) (mg I-‘) absorbance absorbance difference 

I .03 1.290~0.012 ~ 
I .03 0.55 I .285 + 0.006 0.005 0.4 
I .03 I .38 1.316iO.025 -0.026 2.0 
1.03 5.53 1.333 &0.012 -0.043 3.3 
I .03 8.28 I.361 + 0.01 I -0.071 5.5 
I .03 13.81 1.424kO.015 -0.134 10.4 
1.03 41.44 1.497 f 0.008 - 0.207 16.0 

0.30 

0.250 

0.20 

0.150 

0. 10 

0.050 

0.0 

Fig. 3. Absorbance spectra of CIO,, CIO; , and ClO>-CIO; 
solutions without CPR. 

change in absorbance is negative, it appears that 
the concentration of chlorine dioxide is less than 
that originally added to the CPR solution. How- 
ever, when both chlorite ions (41.44 mg l- ‘) and 
chlorine dioxide (1.03 mg l- ‘) are present in 
solution without CPR, there is no decrease in the 
ClO, absorbance at 360 nm. This is shown in the 
absorbance spectra in Fig. 3. Therefore, the ClO, 
concentration in the CPR solution is unchanged. 

The results obtained in Table 3 and shown in 
Fig. 3 can be attributed to the formation [16] of a 
ClO,. Cloy complex. When the chlorite ion con- 
centration is greater than that of ClO,, a signifi- 
cant amount of ClO,. CIOzp complex is formed. 
The formation of this stable complex under pH 7 
conditions was observed by Gordon and 
Emmenegger in 1966 [16], and is reported in 
considerably more detail by Crawford [ 171. When 
the ClO,. ClO, complex is in solution, the stoi- 
chiometry of the ClO,-CPR reaction appears to 
change. 

Based on the results obtained in this work, it 
can be concluded that chlorite ions do not inter- 
fere in the CPR method as long as the chlorite ion 
concentration is equivalent to or less than the 
chlorine dioxide concentration. However, at high 
concentrations, chlorite ions are potential interfer- 
ents. 

The direct reaction of chlorate ions with CPR 
was studied by mixing a 9.87 mg 1~ ’ chlorate ion 
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FAC interference in the CPR method 

ClOz FAC 

(mg I-‘) (mg I-’ Cl,) 

0.40 
1.19 
4.74 
9.89 

19.77 
0.99 
0.99 0.40 
0.99 1.19 
0.99 4.75 
0.99 9.89 

Average Change in 
absorbance absorbance 

‘%I 
difference 

2.403 
2.392 f 0.012 0.01 I 0.5 
2.345 * 0.022 0.058 2.4 
2.219 k 0.069 0.184 1.7 
2.144 & 0.050 0.259 10.8 
2.072 i 0.062 0.331 13.8 
1.714&0.018 
1.658 f 0.007 0.056 3.3 
1.650 k 0.030 0.064 3.7 
I.578 f 0.063 0.136 1.9 
1.561 i 0.052 0.153 8.9 

solution with CPR. The absorbance change was 
- 0.014 which is only a 0.7% difference from the 
blank absorbance value (CPR only). At chlorate 
ion concentrations of up to 49.33 mg I- ’ with 1.03 
mg 1~ ’ CIOz, the percentage difference is 1.4- 
2.4%. Therefore, it can be concluded that chlorate 
ions do not significantly interfere in the CPR 
method. 

Monochloramine was also studied as a potential 
interferent in the CPR method. A 5.31 mg 1-l Cl, 
solution of monochloramine was mixed with CPR 
in order to study the direct reaction of NH&l with 
CPR. The absorbance change was - 0.005 which 
is only a 0.2% difference from the blank ab- 
sorbance value (CPR only). 

The interference of monochloramine in a solu- 
tion of chlorine dioxide was studied for monochlo- 
ramine solutions of 5.31 mg l- ’ Cl, and 10.61 mg 
1~ ’ Cl, concentrations with 0.99 mg 1 - ’ ClO, in 
solution. At monochloramine concentrations of up 
to 10.61 mg 1 - ’ Cl,, the percentage difference is 
0.3-0.5%. Therefore, it can be concluded that 
monochlordmine does not interfere in the determi- 
nation of chlorine dioxide by the CPR method. 

Fletcher and Hemmings [lo] reported that FAC 
was an interferent in the CPR method. As a result, 
experiments were carried out in order to determine 
the extent of FAC interference. The direct reaction 
of FAC with CPR was investigated for concentra- 
tions of FAC ranging from 0.40 to 19.77 mg 1~ ’ 
Cl,, and the results are shown in Table 4. 

As the concentration of FAC is increased the 
change in absorbance also increases, reflecting the 
direct reaction of FAC with CPR. At low FAC 
concentrations (0.40- 1.19 mg l- ’ Cl,), the per- 
centage difference is 0.552.4%, there being a min- 
imal degree of reaction between FAC and CPR. 
However, as the FAC concentration is increased, 
the reaction between FAC and CPR becomes 
significant. 

The interference of FAC in a solution of chlorine 
dioxide was also studied. Table 4 shows the results 
obtained for various concentrations of FAC with 
0.99 mg 1 - ’ ClO, in solution, all of which exhibit 
interference in chlorine dioxide determination. The 
extent of this interference increases with increasing 
FAC concentration. However, at FAC concentra- 
tions of 0.40 mg 1~ ’ Cl, and 1.19 mg l- ’ Cl,, the 
percentage differences are only 3.3% and 3.7%, 
respectively. These errors may be acceptable in 
situations in which only an estimation of the 
chlorine dioxide residual concentration is needed, 
rather than an exact determination. 

In order to eliminate FAC interference in this 
method, oxalic acid was studied as a masking 
agent for FAC. The concentration of oxalic acid 
was 3.5 x lo-’ M in the sample, and it was 
allowed to react with the FAC-ClO, solution for 
10 min prior to the addition of the pH 7 buffer and 
CPR reagent. When 1.19 mg 1-l Cl, and 4.75 mg 
l- ’ Cl, from the FAC solution was added to a 
0.99 mg 1~ ’ ClO, solution along with oxalic acid, 
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the error in the CPR method was less than 1.3- 
1.5%. 

4. Conclusions 

Improvements to the CPR method for the accu- 
rate and specific determination of chlorine dioxide 
are presented. The use of water soluble CPR 
indicator solution with a stock concentration of 
2.1 x 10 4 M is recommended. In addition, the 
pH of the reaction should be maintained between 
7.0 and 7.5 using a high-capacity buffer. 

All reagents should be added directly to a 3.00 
cm cell and a blank absorbance of a diluted, 
buffered CPR solution measured. The procedure 
developed for this method is as follows: 

(1) add 1.0 ml of a pH 7.3 buffer (1 M) to a 
3.00 cm cell; 

(2) add sample or water; 
(3) add 0.5 ml of a 2.1 x lop4 M CPR solution: 
(4) dilute to the cell volume and measure the 

absorbance at 574 nm. 
The CPR method for the selective and accurate 

determination of chlorine dioxide is linear in the 
0.13- 1.94 mg I ’ ClO, concentration range with 
an LOD of 0.12 mg 1~ ’ The interferences from 
610 mg 1V’ chlorate ions and d 5 mg 1~ ’ 
monochloramine are minimal. In addition, when 
the concentration of chlorite ions is less than or 
equivalent to that of chlorine dioxide, the interfer- 
ence is less than 2.0%. When the FAC concentra- 
tion is d 1.2 mg I ’ Clz, the interference is only 
3.7%. In order to further reduce the FAC interfer- 
ence, oxalic acid, sodium cyclamate or thioac- 
etamide can be used as an effective chemical 
mask. The CPR method for the determination of 
chlorine dioxide warrants further study, and au- 
tomation of this method is recommended. 
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Abstract 

Regenerated silk fibroin prepared from waste silk was employed as immobilization matrix for peroxidase and the 
structures of the blend membranes of regenerated silk fibroin and peroxidase were first investigated with IR and 
scanning electron microscopy. There was intermolecular interaction between peroxidase and regenerated silk fibroin 
in the immiscible state. Cyclic voltammetry and constant applied potential measurement showed that Methylene 
Green efficiently mediated electron transfer from oxidized horseradish peroxidase in regenerated silk fibroin 
membrane to a glassy carbon electrode. A sensor coupling immobilized peroxidase with Methylene Green responded 
rapidly to low H,O, concentration and achieved 95% of the steady-state current in less than 25 s with a detection limit 
of 1.0 x lop7 M H,Oz. The sensor was stable in continuous operation, indicating that peroxidase was entrapped in 
regenerated silk fibroin membrane and did not freely diffuse away from the sensor surface into solutions. 

Keywords: Methylene Green; Peroxidase; Silk fibroin; Hydrogen peroxide 

1. Introduction 

Horseradish peroxidase (HRP) can catalyze 
four kinds of reactions: peroxidation, oxidation, 
dismutation and hydroxylation [l]. Peroxidation 
is the predominant reaction in the presence of a 
hydrogen donor such as phenols, aromatic amines 
and certain other heterocyclic compounds. The 
enzymatic reaction of horseradish peroxidase in- 

* Corresponding author. 

volves compound I (HRP-I) containing Fe(IV) 
and a porphyrin-radical cation, and compound II 
(HRP-II) with one Fe(IV) in the following se- 
quential reaction [2-61. 

HRP + H,O, - HRP-I + H,O (1) 

HRP-I + AH - HRP-II + A (2) 

HRP-II + AH - HRP + A’ (3) 

where AH represents the hydrogen donor and A’ 
the free radical formed during the reaction. The 
radicals are bound to the enzyme throughout the 
enzymatic process and dimerize before they are 
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reduced at a certain potential. The mediatorless 
activation of electroreduction of HzO, in the pres- 
ence of horseradish peroxidase at carbon black 
[6], spectrographic graphite [7], non-platinized ac- 
tivated carbon electrodes [8] and pyrolytic 
graphite [9] has been reported. Entrapment of 
horseradish peroxidase in carbon paste [lo] or in 
polypyrrole [9] has been investigated. However, 
they are insensitive to submicromolar H,O,. Am- 
perometric coupling of peroxidase with mediators 
is a highly sensitive detection method for H,O,, in 
which peroxidases provide electrochemical H,O, 
sensors with a detection limit as low as lo- ‘- 
IO-’ M by employing a dissolved electron media- 
tor [l l] such as (2-aminoethyl)ferrocene [12], 
[Ru(NH,)~~~]“+ [12], o-phenylenediamine [13], 
ferrocene [ 141, or tetrathiafulvalene [ 151. 

Although silk fibroin obtained directly from 
silk larvae has been applied to immobilization of 
peroxidase [16], it is only available several times a 
year. In this paper, we employed regenerated silk 
fibroin prepared from waste silk to entrap peroxi- 
dase and first investigated the structures of the 
blend membrane of regenerated silk fibroin and 
peroxidase. We have shown for the first time the 
feasibility of Methylene Green mediating electron 
transfer between horseradish peroxidase in regen- 
erated silk fibroin membrane and a glassy carbon 
electrode. Sensor stability and the dependence of 
the steady-state current on pH, temperature of the 
supporting electrolyte and applied potential were 
investigated. 

2. Experimental 

2. I. Mcrtrrids 

Peroxidase from horseradish (POD) (EC 
1.11.1.7, type VI) was obtained from Sigma and 
Methylene Green (MG) was purchased from 
Aldrich. Hydrogen peroxide (30% w/v solution) 
was purchased from Shanghai Chemical Reagent 
Company. The concentration of more dilute per- 
oxide solutions prepared from this material was 
determined by titration with cerium(IV) to a fer- 
roin endpoint [17]. All other chemicals were ana- 
lytical grade. All the solutions were prepared with 
doubly distilled water. 

Silk jibroin solution 
The waste silk of a silk mill was degummed 

with 0.5% NaHCO, solution at 100°C for 30 min 
and then washed with distilled water. The de- 
gummed silk was dissolved in 9.3 M LiBr aqueous 
solution. After dialysis against distilled water for 
3 days, the solution was purified by filtering and 
the regenerated silk fibroin solution was collected. 

Membranes were cast by using the regenerated 
silk fibroin solution or the mixture solution of the 
given weight of the silk fibroin and horseradish 
peroxidase on glass plates at room temperature in 
air. 

2.2. Apparatus 

Cyclic voltammetry and amperometric mea- 
surements were carried out with FDH 3204 and 
FDH 3206 cyclic voltammetry apparatus (Scien- 
tific Equipment Company of Fudan University, 
China) in line with a type 3086 x-y recorder 
(Tokyo, Japan). All experiments were carried out 
in a thermostatted, stirred electrochemical 5 ml 
cell at 20.0 f 0.5”C, which is equipped with a 
HzO, sensor as working electrode, a saturated 
calomel reference electrode and a platinum wire 
auxiliary electrode. All experimental solutions 
were thoroughly deoxygenated by bubbling nitro- 
gen through the solution for at least 10 min. In 
the constant potential experiments, successive ad- 
ditions of stock HzO, solution in the buffer were 
made and the current-time data were recorded 
after a constant residual current had been estab- 
lished. Changes in the measured reduction current 
were recorded as a function of time, following the 
addition of HzO,. The sensor response was mea- 
sured as the differences between total and residual 
current. 

IR spectra were recorded using an FT-IR 5DX 
spectrometer (Nicolet) at room temperature. The 
spectra of the membranes in the dry state were 
obtained by the reflection method and those of 
the peroxidase KBr disc were run by the transmis- 
sion method. 

Scanning electron micrographs were recorded 
on a Hitachi S-520 instrument operating at 
20.0 kV. 
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2.3. Construction of HZ02 sensor 

Glassy carbon electrodes (4 mm in diameter) 
were polished to a mirror-like finish with 0.3, 0.1 
and 0.05 urn Al,O, paste, rinsed thoroughly in 
deionized water between each polishing step son- 
icated in 1: 1 nitric acid, acetone and doubly dis- 
tilled water successively and dried in air before 
use. 20 mg peroxidase in 0.25 ml regenerated silk 
fibroin was completely mixed. Aliquots (8 ul) of 
the mixture were deposited on a glassy carbon 
electrode and allowed to dry in ambient condi- 
tions for 20 h. A 5 ul aliquot of 75”/0 ethanol was 
syringed onto the sensor and allowed to dry in 
air for about 5 min. The sensor was kept in air 
at 4°C in a refrigerator between the measure- 
ments. 

2.4. Calculation of’ Michaelis- Menten constant 

The apparent MichaelissMenten constant KzP 
can be obtained from the electrochemical Eadie- 
Hofstee form of the Michaelis-Menten equation 
P81 

.i,, =j,,, - K3'ptis.JC) 
where j,, is the steady-state catalytic current, j,,, 
refers to the maximum current measured under 
saturating substrate conditions, C is the H,O, 
concentration and K”MpP represents the apparent 
MichaelissMenten constant of the system as a 
whole, not that of peroxidase itself, and provides 
a measure of the H,O, concentration range over 
which the response of the sensor is approxi- 
mately linear. 

3. Results and discussion 

3.1. IR spectru of membranes 

Without ethanol treatment, the regenerated 
silk fibroin in the membrane exists in silk struc- 
ture 1, because its absorption bands are 
1706 cm-’ (amide I), 1571 cm-’ (amide II) and 
1293 cm-’ (amide III). With ethanol treatment, 
the regenerated silk fibroin in the membrane ex- 

ists in a mixed structure of silk I and silk II 
because the absorption bands are split into two 
groups, One is the same as that characteristic of 
silk structure 1 and the other is 1687 cm-’ 
(amide I), 1559cmP’ (amide II), 1275cm-’ 
(amide III), characteristic of silk structure II. 
This indicates that part of silk structure I is 
transferred into silk structure II after ethanol 
treatment. Before ethanol treatment the regener- 
ated silk fibroin in the blend membrane contain- 
ing peroxidase shows a red shift of absorption 
bands to 1660-l (amide I), 1537 cm-’ (amide 
II), 1240 cm-’ (amide III), attributable to a 
characteristic of silk structure 1. After ethanol 
treatment, the regenerated silk fibroin in the 
blend membrane containing peroxidase also pos- 
sesses two kinds of structure: silk structure 1, as 
it has absorption bands at 1668 cm-’ (amide I), 
1550 cm-’ (amide II) and 1240 cm-’ (amide III) 
and silk structure II as it has absorption bands 
at 1625cm-’ (amide I), 1531 cm-’ (amide II) 
and 1265 cm-’ (amide III). In both cases of the 
blend membrane, the corresponding absorption 
bands of regenerated silk fibroin are of smaller 
wavenumbers than those in pure regenerated silk 
fibroin membrane. This is attributed to inter- 
molecular interaction between peroxidase and re- 
generated silk fibroin. Immobilization of per- 
oxidase in regenerated silk fibroin is based on its 
conformation transformation from silk structure 
I to silk structure II resulting from ethanol treat- 
ment. 

3.2. SEM of the blend membrane 

SEM (Fig. 1) indicates that the blend mem- 
brane containing 10% peroxidase has a sea is- 
land-like structure which is attributed to the 
microphase segregation between both macro- 
molecules in the blend membrane. The bright 
islands are peroxidase domains distributed ran- 
domly (Fig. l(a)). Fig. l(b) shows that the en- 
zyme in the blend membrane has relatively free 
microenvironments because there are many 
empty spaces in the enzyme domains and that 
the enzyme can change its conformation to the 
favourable state in which its activity is main- 
tained. 
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3.3. Cyclic uoltammetry 

Fig. 2 depicts typical cyclic voltammograms of 
Methylene Green in 0.1 M phosphate buffer 
(pH 7.0) containing 0.25 mM Methylene Green. 
In the absence of HzOz, the enzyme contributes 
no response and only Methylene Green generated 
voltammograms complying with a reversible elec- 
tron redox agent because a linear plot of peak 
current vs. square root of scan rate (i,/V”‘) at 
constant concentration of Methylene Green was 
observed for the oxidation and reduction of 
Methylene Green in aqueous solution under diffu- 
sion control. 

(a) 

(b) 
Fig. 1. Scanning electron micrograph of the regenerated silk 
fibroin membrane surface containing 10% peroxidase. 

1 I 1 I 1 I 

0.2 0.1 
E/t (“S.-&E, 

-0.2 -0.3 

Fig. 2. Cyclic voltammograms of the HzO, sensor at various 
scan rates (from inner curve to outer one): 15. 25, 45, 65, 85, 
105, 125. 145, 165 mV s- ’ in 0.1 M phosphate buffer contain- 
ing 0.3 mM Methylene Green. 

3.4. Electrocatalytic reduction of H,O, at the 
sensor 

No electrocatalytic reduction current is found 
at a glassy carbon electrode when H,O, is added 
to the phosphate buffer containing 0.25 mM 
Methylene Green. Fig. 3 shows characteristic 
cyclic voltammetric results for the H,O, sensor. In 
the absence of H,O,, the peroxidase yields no 
response and only typical oxidation and reduction 
peaks for Methylene Green in solution are ob- 
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served in Fig. 3 (curve a). Adding H,O, to the cell 
produces a dramatic change in the cyclic voltam- 
mogram with an increase in cathodic current and 
a concomitant decrease in anodic current (Fig. 3 
(curve b)). At slow scan speeds (< 1 mV-‘) the 
anodic peak disappears completely and the ca- 
thodic peak appears as a plateau. Comparison of 
the voltammograms with and without H,Oz 
demonstrates that Methylene Green can effec- 
tively shuttle electrons between peroxidase in re- 
generated silk fibroin membrane and a glassy 
carbon electrode. The peroxidase (POD) reduces 
hydrogen peroxide to water: 

H,O, + POD(red) - H,O + POD(ox) 

[ 
2.5pA P 

b 

I I I I I k 

0.2 0.1 
E/t (vs. %L, 

-0.2 -0.3 

Fig. 3. Cyclic voltammograms of the HzOa sensor at a scan 
rate of 15 mV s-’ in 0.1 M phosphate buffer (pH 7.0) contain- 
ing 0.3 mM Methylene Green in absence of HZOz (curve a) 
and presence of 0.5 mM HzOz (curve b). 

Time 

Fig. 4. Amperometric response of the HzOz sensor to succes- 
sive increase of H,O, of 80 uM in solution containing 0.3 mM 
Methylene Green at an applied potential of -0.20 V. 

and then oxidized peroxidase converts the 
Methylene Green (MGH) to MG+: 

POD(ox) + MGH + POD(red) + MG+ + H+ 

Finally MG’ is reduced at the sensor, resulting in 
cathodic current: 

MG++H++fedMGH 

3.5. Steady-stutr umperometric response of the 
sensor to HzOz 

Fig. 4 displays calibration data for H20, at the 
sensor. A well-defined and fast amperometric re- 
sponse is observed at -0.20 V with successive 
injections of HzO, and the time required to reach 
95% of maximum response is less than 25 s. Fig. 5 
shows the calibration plot of the sensor response. 
The linear response is observed up to 4.0 mM. An 
extremely low detection limit of 1.0 x lo-’ M 
H202, at a signal-to-noise ratio of 3, can be 
estimated. 
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Fig. 5. Calibration plot for the HzOz sensor. Steady-state 
current was measured in 0.1 M phosphate buffer (pH 7.0) 
containing 0.3 mM Methylene Green at 20°C. 

3.6. EfSect of upplied potential on sensitivity of 
the sensor 

The steady-state response to 0.5 mM H,O, was 
measured at several applied potential values in the 
buffer containing 0.25 mM MG (Fig. 6). The ca- 
thodic current increased with decreasing positive 
applied potential and reached limiting values at 
approximately -0.35 V vs. SCE, which indicates 
that the sensitivity and Michaelis-Mentens con- 
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Fig. 6. Effect of applied potential on the response of sensor to 
HzOz. 
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Fig. 7. The influence of the amount of Methylene Green on 
sensitivity of the sensor in the presence of 0.5 mM HZO,. 

stant are dependent on the working potential. 
Michaelis-Mentens constants at - 0.15, - 0.20, 
-0.25 and -0.30 V are 4.6: 6.1, 7.2 and 8.4 mM 
H,O, respectively. The increased sensitivity with 
applied potential can be assigned to an increased 
driving force for the fast reduction of POD (ox). 

3.7. Infruence of concentrution of Methylene 
Green on sensitivity of the sensor 

The effect of amount of mediator on the re- 
sponse of the sensor to H,O, is shown in Fig. 7. 

The reduction current increases substantially 
with increased amount of Methylene Green in 
solution from 0.1 to 0.3 mM. Further increasing 
the mediator concentration results in a decrease in 
the sensor response. Moreover, the higher concen- 
tration of Methylene Green causes an increase in 
background current. 

3.8. Efect of pH und temperature on the H,O, 
sensor 

The pH dependence of the sensor was as shown 
in Fig. 8, exhibiting an optimum between pH 6.0 
and 6.5, which indicates that the pH profile is 
controlled by the enzymatic activity. 

The effect of temperature on the sensor has 
been examined between 15 and 60°C. The immo- 
bilized enzyme loses about 50% of its activity at 
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50°C after 3 h operation. The experiment shows 
that the current response increases with increasing 
temperature between 15 and 55°C and that fur- 
ther increase in temperature gives rise to a de- 
crease of the response current because of the 
partial denaturation of the enzyme. 

3.9. Studies of interference 

Several substances have been examined as pos- 
sible interferents for the hydrogen peroxide sen- 
sor. Analyses of phosphate buffers containing 
0.5 mM H,O,, to which the possible interferents 
are added, were executed. L-Tyrosine (0.2 mM), 
L-lactate (0.5 mM), glucose (5.0 mM), uric acid 
(0.2 mM), galactose (5.0 mM), L-leucine (0.2 
mM), L-cysine (0.2 mM), L-tryptophan (0.2 mM), 
L-cysteine (0.2 mM), L-aspartic acid (0.2 mM), L- 

histidine (0.2 mM), and L-glutamic acid (0.2 mM) 
do not cause any observable interference to the 
determination of H,O,. However, L-proline 
(0.5 mM) and ascorbic acid (0.5 mM) decrease 
response currents by 0.8% and 27.5”/0 of the initial 
values respectively. The decrease in response cur- 
rent results from consumption of HzO, involved 
in oxidation of ascorbic acid because the sensor 
displays no response to adding ascorbic acid 
(5 mM) to phosphate buffer without H,O,. 

0.6 - 
4.0 5.0 6.0 7.0 8.0 9.0 

PH 

Fig. 8. ElTect of pH on HzOr sensor. Steady-state current 
measured in the presence of 0.5 mM HzOz in phosphate buffer 
(pH 7.0) containing 0.3 mM Methylene Green at 20°C. 
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::t,,,_ 
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Fig. 9. Stability of the HZO, sensor under dry storage at 4°C. 

3.10. Stability of the sensor 

The reproducibility of the current response of 
the sensor is tested at an H,O, concentration of 
0.5 mM and the relative deviation is 1.5% (n = 9). 
The sensor possesses good storage characteristics. 
The H,O, sensor was stored in air at 4°C when 
not in use. The response of the sensor decreased 
about 13% after storing for 2 months (Fig. 9). 

4. Conclusion 

Entrapment of peroxidase in regenerated silk 
fibroin offers a useful retention of enzyme and 
there is intermolecular interaction between regen- 
erated silk fibroin and peroxidase. The enzyme in 
the membrane surface maintains a relatively free 
microenvironment. The advantages of the H,O, 
sensor employing Methylene Green as electron 
transfer mediator between peroxidase in regener- 
ated silk fibroin membrane and a glassy carbon 
electrode include high stability and sensitivity of 
the electrochemical signal. The simple method of 
sensor construction should be applicable to other 
enzyme-substrate systems for a variety of practi- 
cal situations. In addition, we have found that 
organic mediators such as Meldola Blue, phena- 
zine methosulphate, cresyl fast biolet, Catechol 
Violet, Methylene Violet, Brilliant Cresyl Blue, 
Toluidine Blue and Methylene Blue effectively 
mediate electron transfer between peroxidase and 
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a glassy carbon electrode. These results will be 
reported in the future. 
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Abstract 

A novel flow sensor based on chemiluminescence (CL) for the determination of ascorbic acid has been proposed. 
The analytical reagents, luminol and ferricyanide, were both immobilized on an anion-exchange resin column. The CL 
signal produced by the reaction between luminol and ferricyanide, which were eluted from the column through 
sodium phosphate injection, was decreased in the presence of ascorbic acid. The CL emission intensity was linear with 
ascorbic acid concentration in the range 0.01-0.8 pgml-‘; the detection limit was 5.5 x IO-’ pg ml-‘. The whole 
process, including sampling and washing, could be completed in 1 min with a relative standard deviation of less than 
5%. The sensor could be reused more than 100 times and has been applied successfully to the analysis of ascorbic acid 
in pills and vegetables. 

Keywords: Chemiluminescence; Flow sensor; Ascorbic acid; Immobilized reagents 

1. Introduction 

Ascorbic acid (vitamin C), found in citrus fruits 
and vegetable products, is mainly a cure for 
scurvy, drug poisoning, liver disease, allergic reac- 
tion and atherosclerosis. In addition, it is helpful 
for building up one’s resistance to disease. Vari- 
ous methods have been proposed for determina- 
tion of ascorbic acid, such as titrimetry [l], 
spectrophotometry [2,3], fluorimetry [4], chro- 
matography [5] and electrochemical detection [6,7] 
by a manual technique or by flow injection analy- 
sis. Each has its advantages and disadvantages [8]. 

* Corresponding author 

In recent years, biosensors with high selectivity 
based on an electrode coated with ascorbate oxi- 
dase or plant tissue for ascorbic acid determina- 
tion have appeared especially attractive [9- 121. In 
these sensors, the consumption of dissolved oxy- 
gen takes place in an enzymatic reaction and is 
detected by an oxygen electrode. However, these 
sensors still suffer from stability problems. 

Chemiluminescence (CL) has been successfully 
applied to deterine ascorbic acid with excellent 
sensitivity over a wide linear dynamic range and 
with the use of simple instrumentation [13- 151. 
Recently, various CL biosensors have been inves- 
tigated [16-191. Most of them are based on im- 
mobilized enzymes with dissolved CL reagents 
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which react with hydrogen peroxide released from 
the enzymatic reactions to produce a CL light 
signal. In this paper, a novel CL flow biosensor 
for ascorbic acid determination is presented. It is 
based on the inhibition of vitamin C in the CL 
reaction between luminol and ferricyanide and the 
CL light decrement is related to the amount of 
ascorbic acid. The two CL reagents, luminol and 
ferricyanide, used in this sensor, are both immobi- 
lized on Amberlyst A-27 anion-exchange resin. 
Through injection of a volume of sodium phos- 
phate, the reagents on the anion-exchange resin 
column are eluted from the resins and in the 
presence of ascorbic acid the CL reaction is inhib- 
ited, by which ascorbic acid can be sensed. Com- 
pared with electrodes and other methods, the 
sensor offers potential advantages of simplicity, 
rapidity and high sensitivity for ascorbic acid 
determination. 

2. Experimental 

2.1. Reagents und ion-exchange resin 

All the reagents were of analytical grade; dou- 
bly-distilled water was used for the preparation of 
solutions of all dilutions. A stock solution of 
ascorbic acid (1 x 10e2 g ml-’ in water) was 
stored in the refrigerator. Working standards were 
prepared daily from the stock solution by appro- 
priate dilution. A 0.25 M luminol solution was 
prepared by dissolving 44.3 g of luminol in 11 of 
0.5 M NaOH solution. Other solutions were 
Na,P0,(2 x 1O-4 M), K,Fe(CN),(0.2 g ml-‘) 
and NaOH (0.6 M). Amberlyst A-27 anion-ex- 
change resin (20 + to 50 - mesh) purchased from 
Rohm and Haas Co. was used for reagent immo- 
bilization. 

2.2. Preparation of immobilized reagents 

Amberlyst A-27 (0.5 g) was stirred with 25 ml 
of 0.25 M luminol or 0.2 g ml-’ potassium ferri- 
cyanide for 12 h, then the resin was filtered, 
washed with doubly-distilled water and dry- 
stored. The most convenient method to determine 
the amounts of luminol and ferricyanide immobi- 

lized is to measure the losses of these reagents 
from the immobilization solutions. This was done 
by UV-Vis absorbance. The concentration was 
monitored at 360 nm for luminol and at 420 nm 
for ferricyanide. The amounts of luminol and 
ferricyanide immobilized were 1.64 mmol g-’ and 
1.18 mm01 g ~ ’ resin respectively. 

2.3. Apparatus 

The flow injection system used in this work is 
shown in Fig. 1. A peristaltic pump was used to 
deiver all flow streams at a flow rate of 
2mlmin-’ on each flow line. PTFE tubing 
(0.8 mm i.d.) was used between all components in 
the flow system. The anion-exchange resins con- 
taining immobilized luminol (0.06 g) and ferri- 
cyanide (0.12 g) were mixed together and packed 
into a glass column with an internal diameter of 
4 mm and total volume of about 0.6 ml, and 
plugged with glass wool at both ends to prevent 
the resins from leaking. Sodium phosphate solu- 
tion (200 ~1) was injected by an injection valve. 
Before reaching a flow cell (200 pl), the streams of 
luminol, ferricyanide, sodium hydroxide and ana- 
lyte were combined in mixing tubing (80 mm in 
length). The light signal produced in the flow cell 
was detected with an R456 photomultiplier tube 
(PMT) and recorded with an XWT-204 recorder 
(Shanghai Dahua Instrument and Meter Plant). 

Absorbance monitoring was done using a UV- 
spectrophotometer Model-752 (Shanghai Third 
Analytical Instrument Plant). 

P 
an 

Fig. I. Schematic diagram of the flow system for ascorbic acid 
determination: (a) NaOH; (b) Na,PO,; (c) H,O; (d) sample; 
(A) anion exchange column; (p) pump; (v) valve; (M) mixing 
tubing: (F) flow cell; (W) waste; (D) detector; (R) recorder. 



Table 1 
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Character of eluants for ascorbic acid determination ’ 

Type of CL 
intensity 

Relative CL intensity 

NaCl NaAc NaOH NaNO, Na,SO, NaJO, Na, PO, 

I 23 16 14 37 55 49 100 
II II IO 10 I4 20 18 24 
III I2 6 4 23 35 31 76 

d The concentration of each eluant was 2 x 10m4 M. The relative CL intensity corresponds to the normalized maximum light 
intensity, (I): CL intensity in the absence of ascoribc acid; (II): CL intensity in the presence of 0. I ug ml-’ ascorbic acid; (III): 
decreased CL intensity. 

2.4. Procedures 

Flow lines (a), (b), (c) and (d) were inserted into 
NaOH solution, eluant solution of sodium phos- 
phate, water carrier and sample solution respec- 
tively. The pump was started to wash the whole 
flow system until a stable baseline was recorded. 
Then 200 ul of eluant containing 2 x lop4 M or 
8 x lop4 M sodium phosphate was injected into 
the carrier stream and luminol and ferricyanide 
were released quantitatively. The concentration of 
ascorbic acid was quantified by the CL intensity. 

3. Results and discussion 

3.1. Influence of eluant 

Different amounts of luminol and ferricyanide 
could be released by anions with different eluting 
abilities being injected through the resin columns, 
which had an effect on the CL intensity. The 
results are shown in Table 1. The eluant sodium 
phosphate with the highest relative CL intensity 
(type II) and decreased CL intensity (type III) was 
chosen for subsequent work. 

3.2. EfJect of ratio between resins with 
immobilized luminol and ferricyanide 

To examine the influence of the mixing ratio, 
resins (0.18 g) with different mixing ratios were 
packed into the glass column. By injection of 
sodium phosphate at a fixed concentration of 
2 x lop4 M, different amounts of luminol and 

ferricyanide were eluted from the resins and 
caused a CL intensity, which is shown in Table 2. 
The mixing ratio 1:2 between the amount of lumi- 
no1 resin and that of ferricyanide resin was se- 
lected in the present work not only for the 
relatively high CL intensity but also for the most 
effective inhibiting effect of ascorbic acid. 

3.3. EfSect of eluant concentration 

The release of luminol and ferricyanide was 
determined by the concentration of sodium phos- 
phate. Various concentrations of sodium phos- 
phate were injected through the anion-exchange 
resin column. The immobilized luminol and ferri- 
cyanide released were measured by UV-Vis ab- 
sorbance and by the CL reaction with 2.5 x lop4 

Table 2 
Effect of mixing mass ratio between resins with immobilized 
luminol and ferricyanide d 

Mass ratio Relative CL Decreased CL 
(luminol:ferricyanide) intensities intensity 

Blank b Signal c 

I:4 84 40 44 
I:2 100 24 74 
1:l 60 20 40 
2:1 18 6 I2 
4: I 9 3 6 

d The concentration of each eluant was 2 x IO-“ M. The rela- 
tive CL intensity corresponds to the normalized maximum 
light intensity. 
b CL intensity in the absence of ascorbic acid. 
c CL intensity in the presence of 0. I ug ml ~’ ascorbic acid. 
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Fig. 2. Effects of eluant concentration on (A) amount of 
luminol released (n = -8) amount of ferricyanide released 
(n = - IO) and ( l ) CL intensity in the presence of 0.1 pg ml-’ 
ascorbic acid. 

M luminol (pH 12) respectively. The results are 
shown in Fig. 2. It can be seen that the amounts 
of luminol and ferricyanide released both in- 
creased linearly with the concentration of sodium 
phasphate injected. Naturally, it can be predicted 
that increasing the eluant concentration gives an 
increased CL intensity. This situation is also illus- 
trated in Fig. 2. Considering lifetime and linear 
range of the sensor (discussed in detail below), 
2 x 10m4 M or 8 x lop4 M sodium phosphate 
was used for the linear range 0.01-0.1 ug mll’ 
ascorbic acid respectively. 

3.4. EfSect of sodium hydroxide concentration 

Luminol reacts with ferricyanide to produce CL 
light in basic solution. Therefore, sodium hydrox- 
ide was added in flow line (a) to improve the 
sensitivity of the sensor. Since the sodium hydrox- 
ide concentration versus CL intensity plot shows a 
maximum for sodium hydroxide levels around 
0.6 M, this concentration was used in subsequent 
experiments (Fig. 3). 

3.5. Performance of the sensor for ascorbic acid 
meusurements 

Since ascorbic acid is detected as an inhibitor, it 
is obvious that small amounts of ascorbic acid can 
be sensed linearly by the CL reaction with small 
amounts of luminol and ferricyanide, and vice 
versa. Therefore, the linear range of the sensor 
is determined by the amounts of luminol and 
ferricyanide released, and is in turn determined by 
the eluant concentration. To gain a relatively long 
lifetime of over 100 times, 2 x lop4 and 
8 x lop4 M sodium phosphate was chosen for 
ascorbic acid determination over the range O.Ol- 
0.1 ugml-’ with a correlation coefficient of 
0.9991 and over the range 0.1-0.8 ug ml-’ with a 
correlation coefficient of 0.9986 respectively (Fig. 
4). At a concentration of > 0.8 ug ml-‘, the lin- 
earity disappears because of smaller amounts of 
luminol and ferricyanide being released as a result 
of the eluant concentration used. Increasing the 
sodium phosphate concentration can widen the 
linear range of the sensor, but unfortunately may 
shorten the sensor’s lifetime. At a flow rate of 
2.0 ml min’, the determination of ascorbic acid 
could be performed in 1 min including sampling 
and washing, giving a throughput of about 60 

40 

35 

5 

0 0.2 0.4 0.6 0.8 

Concentration of NaOH(M) 

Fig. 3. ERect of NaOH concentration on CL intensity in the 
presence of 0.1 pg ml-’ ascorbic acid with 
2 x 10e4 M Na,PO, as eluant. 
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Fig. 4. Relative CL intensity vs. ascorbic acid concentration 
(type II): (*) n= -2, (m)n= -1. 

times h. The detection limit of the sensor was 
5.5 x lop3 pg ml-’ (30), and the relative standard 
deviation was less than 5% for 5 x 10 -’ pg ml 
(n = 7). 

3.6. Intrrfrrencrs 

Interferences of foreign substances were tested 
by analysing a standard solution of ascorbic acid 
(0.3 pg ml-‘). The tolerable concentrations of 
some interfering inorganic ions and organic com- 
pounds are listed in Table 3. 

Table 4 
Results of vitamin C in pills and vegetables 

Sample” Results by proposed method‘l 

In diluted sample In real 
solution sample 
(IO- mgml-‘) (mg g-l) 

Table 3 
Tolerable concentration ratios with respect to ascorbic acid for 
some interfering species ( < 5% error) 

Substance Tolerable 
concentration 
ratio 

K+, Na+, Cl--, Br-, F-, SO:-, 
HCO; , HPO: ~1 NO;, 
amylum. acetic acid, tartaric acid, 
citric acid 
I ~, sucrose 
Zn’+. Sn’+. Al’+, Pb’+, Ca’+. 
Mg’+, hi’+, S’-, NOI 
Glucose, maltose. oxalic acid, 
dehydroascorbic acid 
so: - 
Vitamin B2 
Mn’ ’ , cholesterol 
Cu’+ thiourea, uric acid, Vitamin B, 
Fe’+. Fe’+ 

> 1000 

500 
100 

100 

50 
20 
IO 

0.1 

4. Application 

4.1. AnulJsis of uitumin C in pills 

Several commercial vitamin C tablets or capsule 
multivitamins were ground to powder and a por- 
tion of the powder was weighted and dissolved 
in 100 ml doubly-distilled water. After filtering, 
aliquots of the solution were diluted by a factor of 
10 000 for the analysis. The results are given in 
Table 4. It is shown that the results obtained by 

Recovery results Result by 
iodimetry” 

Added Found” Recovery (mg g-‘) 
(IO- ’ mgml ‘) (10m5 mgml-‘) (‘%I) 

Vitamin C tablet IO.1 505 10.0 19.9 98 512 
Multi vitamin capsule 6.8 136 5.0 12.0 104 140 
Tomato 4.0 0.500 2.0 5.8 90 0.506 
White gourd 1.9 0.253 2.0 4.0 95 0.246 
Mung bean sprouts 5.7 0.019 2.0 7.9 II0 0.022 

” Average of four measures 
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the sensor agreed well with those obtained by 
iodimetric analysis [ 11. 

4.2. Anulysis of vitumin C in vegetables 

Tomato (20 g), mung bean sprouts (30 g) and 
white gourd (15 g) were cut into small pieces and 
homogenised with 100 ml acetic acid buffer solu- 
tion (pH 4.0), then filtered and diluted with dou- 
bly-distilled water by factors of 2500, 100 and 
2000 respectively for the determination. The re- 
sults are given in Table 4. Again, the values 
obtained by the present sensor agreed well with 
those obtained by iodimetric analysis. 
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Abstract 

An ammonia sensor is described in this work. The sensing membrane is a thin layer of oxidized polypyrrole (PPy) 
on a platinum substrate. This sensor is used as the working electrode in a conventional three-electrode system for 
amperometric measurement of ammonia in aqueous solutions in the potential range of + 0.2 to + 0.4 V (vs. 
Ag/AgCl). Contact with ammonia causes a current to flow through the electrode. This current is proportional to the 
concentration of free ammonia in the solution and ammonium ions do not contribute to the measured signal. The 
signal is due to reduction of PPy by ammonia with subsequent oxidation of PPy by the external voltage source. The 
sensor is able to detect ammonia reproducibly at the ,DM level. The main interference is the doping effect of small 
anions such as Cl - and NO,, also giving a response on PPy at the mM level. This anionic response can, to a certain 
degree. be reduced by covering the polymer surface with dodecyl sulfate. The sensor gradually loses its activity when 
exposed to ammonia concentrations greater than 1 mM. The sensor has been tested by the flow injection analysis 
technique. 

Kqmwcis: Ammonia sensor: Polypyrrole; Conductive polymer; Amperometry: Flow injection analysis 

1. Introduction 

Gaseous ammonia is known to reduce the oxi- 
dized form of the conducting polymer polypyrrole 
(PPy) [I]. Josowicz and Janata [2] utilized this 
property to prepare a sensor for gaseous ammo- 
nia where oxidized PPy formed the active mem- 
brane. They used the conductivity of PPy as a 
measure of the concentration of ammonia in 
gaseous samples. 

Trojanowicz et al. [3] described an amperomet- 

‘Presented in part at the ESEAC ‘94 conference in Venice, 
Italy. May 1994. 

*Corresponding author. 

ric ammonia sensor for the determination of dis- 
solved ammonia in aqueous samples, where PPy 
deposited on platinum is the working electrode in 
a three-electrode system. They also presented the 
optimized conditions for preparation of the sensor 
and for measurement of ammonia. The influence 
of some common interfering species in clinical 
samples on the response of the sensor was also 
studied. The sensor was found to be deactivated 
in the process of detecting ammonia. In this work, 
we have further studied and tried to eliminate the 
interfering effect of common inorganic anions and 
cations. Sensor preparation and ammonia mea- 
surements were carried out under optimized con- 
ditions, as given in Ref. [3]. 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039.9140(95)01713-5 



2. Experimental 

2. I. Chemicals 

Pyrrole (Aldrich, 99%) was purified by distilla- 
tion and stored in a refrigerator under a N, or Ar 
atmosphere. Sodium dodecyl sulfate (NaDS) 
(Fluka, p.a.), 25% aqueous ammonia solution 
(Riedel-de Ha&n, p.a.), and NaCl, NaOH, sodium 
borate (Na,B,O,. lOH,O) and NH&l (Merck, 
p.a.) were all used as received. Distilled deionized 
water was used to prepare the solutions. 

2.2. Instrumentution 

Electrochemical polymerization of pyrrole was 
carried out using a PAR model 273 potentiostat- 
galvanostat in a single compartment three-elec- 
trode electrochemical cell. The working electrode 
was a Pt electrode (area 0.16 mm2) and the refer- 
ence electrode was a Ag/AgC1/3 M KC1 electrode. 
The counter electrode was a graphite electrode. 

Amperometric measurements were performed 
using a BAS model CV-37 potentiostat connected 
to a three-electrode cell, where both the reference 
and the counter electrodes were the same as 
above, but the working electrode was a Pt elec- 
trode modified by a PPy film on top of it. The 
three-electrode ceil was used as a detector in a 
Tecator FIAstar 5010 flow injection analyzer. An 
ABB Goerz model SE 120 strip chart recorder 
was used to record the signal given by the detec- 
tor. Cyclic voltammetric measurements were car- 
ried out with either of the potentiostats using a 
scan rate of 20 mV s- ‘. Energy dispersive analy- 
sis of X-rays (EDAX) was performed with a Leica 
Cambridge S 360 scanning electron microscope. 

2.3. Sensor preparation 

Before polymerization of the PPy layer, the Pt 
electrode was polished with 0.3 pm alumina and 
rinsed with water and methanol. Polymerization 
was carried out in a stagnant aqueous solution 
containing 0.1 M NaCl and 0.1 M pyrrole 
monomer. The polymerization was performed at a 
constant potential of + 0.80 V for 3 min. The 
electrolyte solution was deareated by purging with 

N, for 15 min prior to addition of the monomer, 
and an inert environment was maintained in the 
cell during the polymerization by a N, atmo- 
sphere. 

2.4. Amperometric meusurements in the jiow 
injection analysis (FIA ) system 

The PPy ammonia sensor was used as an am- 
perometric detector in an electrochemical wall-jet 
cell in the flow injection analysis (FIA) system 
shown in Fig. 1. A sample volume of 100 p 1 was 
injected into a water carrier stream, which was 
then mixed with a stream of borate buffer (pH 
9.2) to convert a substantial amount of NH,t in 
the sample into NH, and to keep the [NH,]/ 
[NH;] ratio constant. The flow rates of the car- 
rier and the buffer were both 1.15 ml min - ‘. The 
current was normally measured at + 0.30 V, but 
+ 0.35 V was also used in some experiments. 

2.5. EDA X measurements 

PPy samples for EDAX measurements were 
prepared by polymerizing pyrrole for 10 min on 
iridium-tin oxide (ITO) glass. The procedure of 
polymerization was as described above. The IT0 
glass pieces had been cleaned with ethanol and 
water prior to use. After preparation, the PPy 
samples were treated as shown in Table 1. The 
supporting electrolyte in all experiments where the 
PPy sensor was used at + 0.3 V in a NH, solution 
was 0.05 M Na,SO, (i.e. treatment of samples 
# 2 and # 4). Likewise, in all these experiments, 
5 M H,SO, was used to acidify the solution 
before switching off the potential in order to 
avoid reduction of PPy by NH, during removal of 
the electrode from the cell. All samples were then 
rinsed with water and dried in a flow of N, before 
the EDAX measurements. 

2.6. IR measurements 

PPy samples for IR measurements were pre- 
pared on pieces of IT0 glass in the same way as 
described above for the EDAX measurements. A 
total of three samples were prepared: one of them 
was treated by applying + 0.30 V to the PPy- 
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Fig. I. The FIA system used in the ammonia measurements. C, carrier (deionized water); B, butfer (0.05 M borate, pH 9.2); S, 
sample injection point; D, wall-jet amperometric detector; P, pump; W, waste. The flow rates of the carrier and the buffer stream 
were both I.15 ml min- ‘, The volume of the injected sample was 100 jtl. 

IT0 electrode in an aqueous 0.15 M solution of 
NH, for 15 min, another was soaked in the same 
solution of NH, for the same time but at open 
circuit potential and the third sample was left 
untreated. A cyclic voltammetric measurement in 
0.1 M NaCl was performed to confirm that the 
first sample, i.e. that treated in ammonia at 
+ 0.30 V, was completely deactivated. After rins- 
ing the samples with water and drying them in N,, 
the PPy films were peeled off the IT0 glass and 
their transmission spectra were taken using a 
Bruker IFS66 FT-IR spectrometer. 

Table I 
Treatment of PPy by ammonia in different solutions. The 
EDAX spectra are shown in Fig. 6. The background elec- 
trolyte used in experiments #2-4 was 0.05 M Na2S0, 

Sample # Treatment 

I 
2 
3 

Soaked in water for I5 min 
Kept at f0.3 V in 0.15 M NH, for 10 min 
Soaked in 0.15 M NH, for I5 min (at open 
circuit potential) 

4 Kept at +0.3 V in 0.003 M NH, for 1 min 
5 Kept at f0.3 V in 0.15 M H,SO, for 0.5 min 

3. Results and discussion 

3.1. Sensor operation 

The response of the PtjPPy sensor to ammonia 
in aqueous solutions was tested by injecting 100 
~1 of different concentrations of NH,Cl into the 
FIA system. The recorder trace is shown in Fig. 2. 
The calibration line within the studied concentra- 
tion range lo-120 ,uM was linear with r = 0.995, 
and RSD = 2.2% and 1.1% at the lower and upper 
limit, respectively. These RSD values were deter- 
mined by ten injections of the 10 PM and 120 ,uM 
NH,Cl solutions. As can be seen in Fig. 2, the 
limit of detection is well below 5 ,uM NH, ( z 10 
PM NH&l at pH 9.2). The short-time stability of 
the sensor was tested by injecting 60 times 100 ~1 
of 100 ,uM NH,Cl. The signal was found to be 
stable with RSD = 0.7%. 

In order to study the intefering effect due to 
small ions on the ammonia response at the PPy 
electrode, NaCl was selected as the model com- 
pound. Since NaCl levels in clinical samples nor- 
mally fall within 0.08-0.18 M, concentrations of 
0.05 M and 0.2 M were chosen in the interference 
studies. The current responses of injections of 100 
,ul of the solutions are shown in Fig. 3A. As can 
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Fig. 2. Injections of ammonia at different concentrations: (I) 
IO pM, (2) 20 pM, (3) 50 pM, (4) 70 pM, (5) 100 pM and (6) 
120 /tM NH&l. 

be seen, NaCl at these concentrations really does 
interfere since, for example, 0.05 M NaCl gives an 
approximately equally strong response as 50 ,uM 
NH&l. The interfering signal is due to the in- 
volvement of small anions such as chloride in the 
doping process of PPy: 

PPyO + Cl ~ $ PPy’Cl- + e- 

The participation of small anions in the doping 
process has been used to construct conducting 
polymer-based amperometric anion sensors [4-71. 

In order to diminish the effect of chloride ions 
on the signal at the PPy electrode, the concentra- 
tion of NaCl in the buffer stream was set at 0.4 
M. This procedure did not give any great im- 
provement to the interfering effect of chloride. 
The buffer stream was then adjusted to 60 PM 
with respect to the anionic surfactant sodium 
dodecyl sulfate, NaDS. This compound is ad- 
sorbed at the electrode and forms an anionic layer 
on the surface. A similar experiment to that 
shown in Fig. 3A was performed but, as explained 
above, now with DS in the buffer stream. The 

results are shown in Fig. 3B and, as can be seen, 
the interference from Cl - is considerably de- 
creased. The ratio of signals (120 ,U M NH,Cl):(0.2 
M NaCl) is 1:2.2 before and 1:0.56 after the 
addition of 60 ,uM NaDS. The decreased interfer- 
ence of Cl ~ is probably due to the fact that the 
DS ~ surfactant anions form a negatively charged 
layer on the surface of the PPy film. Owing to 
their bulky size, the DS - ions are not capable of 
penetrating the polymer film and doping it [8]. 
The DS ~ layer repels anions and thus creates a 
strong diffusional barrier to the flux of Cl - to the 
PPy film. This hypothesis is confirmed by the 
cyclic voltammograms shown in Fig. 4. The cyclic 
voltammogram of PPy in 0.2 M NaCl + 0.05 M 
borax (pH 9.2) shows that there are two different 
redox processes taking place in the PPy film: one 
at - 0.05 V and another at - 0.4 V. Li and Qian 
[9] observed similar behavior in PPy(N0,) and 
attributed the two processes to anion and cation 
insertion. More specifically, the more anodic pro- 
cess corresponds to anion insertion and the more 
cathodic process to cation insertion. After addi- 
tion of 0.05 M NaDS to the electrolyte solution, 
the redox peak pair at - 0.05 V disappeared, 
which means that anion insertion was no longer 
taking place. The cation insertion, in contrast, 
could still be observed. This confirms our assump- 
tion that DS - forms a permselective layer on the 
electrode that prevents Cl- entering the PPy film 
by charge exclusion. 

As can be seen in Figs. 3A and 3B, there are 
negative peaks (those pointing downwards) pre- 
ceding the Cl - signal. These may originate from 
small changes in the potential of the working 
electrode that are not immediately compensated 
by the potentiostat. The current observed obvi- 
ously has contributions both from Faradaic and 
charging currents. 

The interfering signal from injections of NaCl 
could further be diminished by increasing the 
concentrations of NaDS and NaCl in the borax 
buffer stream to 0.05 M and 0.4 M, respectively 
(see Fig. 3C). The negative peaks, however, are an 
interfering phenomenon in the determination of 
ammonia, and although addition of NaDS and 
NaCl to the buffer stream clearly reduced these 
peaks, NaCl levels of 0.1-0.2 M still interfered to 
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Fig. 3. Interference caused by NaCI: (A) under normal measuring conditions: (B) after the concentration of NaDS in the buffer 
stream had been set at 60 ,eM; (C) after the buffer stream had been adjusted to 0.05 M with respect to NaDS and 0.4 M with respect 
to NaCI. The injected solutions were: (1) 50 PM NH&I, (2) 120 ,uM NH&I, (3) 0.05 M NaCl, (4) 0.2 M NaCI. 

some extent in the determination of ammonia at 
low, i.e. ,uM, ammonia concentrations. 

3.2. Response mechanism 

The exact mechanism behind the ability of a 
PPy electrode to detect ammonia is not clear. The 
response is obviously based on the capability of 
ammonia to reduce PPy. Gustafsson et al. [lo] 
reported that when PPy was exposed to gaseous 
ammonia at low concentrations and for short 
times, the conductivity of the PPy film was de- 
creased but was reversibly recovered after flushing 
with Ar. However, when the PPy film was ex- 
posed to 1 atm gaseous ammonia for a long 
period (14 days) an irreversible increase in the 
resistivity of the polymer film was observed. 
Gustafsson et al. also explained that the reversible 

change in conductivity is due to a compensation 
effect where ammonia acts as an electron donating 
species. In addition, the authors discuss the possi- 
bility of proton transfer between the polymer and 
ammonia as the compensation reaction. The irre- 
versible change of conductivity was explained as a 
nucleophilic attack by ammonia or hydroxide on 
the polymer, which leads to loss of conjugation in 
the polymer structure and thus to increased resis- 
tivity. 

Trojanowicz et al. observed a continuous de- 
crease in the amperometric response of PPy for 
repetitive injections of ammonia. The rate of the 
signal decrease was found to be proportional to 
both the potential of the measurement and the 
concentration of ammonia in the solution. This 
was confirmed by our experiments in which re- 
peated injection of a solution where [NH,] > 1 
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Fig. 4. Cyclic voltammograms at a Pt-PPy electrode (area 0.16 mm2) in two different media. Medium “1” is 0.05 M borax + 0.2 
M NaCl (pH 9.2). Medium “2” is 0.05 M borax + 0.2 M NaCl + 0.05 M NaDS (pH 9.2). The sweep rate is 50 mV s- I. 

mM resulted in sensor deactivation as shown in 
Fig. 5. The signal was partly restored when only 
the carrier solution was pumped past the electrode 
for 10 min. This is also demonstrated in Fig. 5. 
These results suggest that sensor deactivation is 
not an entirely irreversible process. 

The IR spectra of three identically prepared but 
differently treated PPy samples were measured. 
One of the PPy samples was not treated with 
ammonia, one was treated for 15 min at open 
circuit potential and the other for 15 min at + 0.3 
V. No big differences could be found between the 
spectra. The only variation was a shift in the 
baseline, such that the untreated sample showed 
the lowest transmission and that treated in 0.15 M 
NH, at + 0.30 V showed the highest transmis- 
sion. Gustafsson et al., on the contrary, found big 
changes in the IR spectrum of their PPy samples 
when treated with gaseous ammonia. These 
changes were explained by chemical variations in 
the structure of PPy. The most important result in 
our measurements is that the chemical structure 
of PPy remained virtually the same after exposure 
to ammonia in aqueous solution. Deactivation of 
the sensor was therefore to be the result of an- 
other type of attack by ammonia on PPy. Since 
the degree of IR transmission of a conducting 

polymer decreases with its conductivity, the ob- 
served shift in baseline reflects the change in the 
degree of doping. The untreated sample had the 
lowest transmission and therefore the highest de- 
gree of doping. The sample treated with ammonia 
at + 0.3 V was most reduced. Our IR measure- 
ments indicate that ammonia is capable of reduc- 
ing doped PPy. 

The EDAX measurements were used to study 
the content of counterions in PPy after different 
kinds of treatment with ammonia. The procedures 
are shown in Table 1 and the results in Fig. 6. 
These results can be interpreted by looking at the 
peaks for Cl and S. It can clearly be seen that the 
content of Cll in the PPy film was unaffected 
when the film was not treated with ammonia 
(samples # 1 and # 5). It should be pointed out 
that a quantitative analysis of the curves in Fig. 6 
is not possible owing to the fact that, although all 
they were prepared in exactly the same way, there 
are always some morphological differences be- 
tween the individual films. Therefore, the doping 
and undoping processes of the different films are 
not exactly comparable. Some clear trends, how- 
ever, can be observed. Sample # 2 was treated 
with 0.15 M ammonia for 10 min at + 0.3 V in 
0.05 M Na,SO, supporting electrolyte. As can be 
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seen in Fig. 6, the Cl peak decreased and a clear 
S peak appeared, indicating a decrease in Cl 
content and increase in S content in the PPy film. 
The film doped with Cl - was reduced when ex- 
posed to ammonia, i.e. undoped, and Cl - ions 
were expelled from the film. Because the film was 
continuously held at + 0.3 V it would have been 
reoxidized immediately, i.e. doped with anions of 
the electrolyte, SO:-. Therefore, the peak for S 
appears in the EDAX spectrum of sample # 2. 

In experiment # 3, the PPy film doped with 
Cl ~ ions was soaked in 0.15 M ammonia with 
0.05 M Na,SO, at open circuit potential. The film 
was reduced by ammonia but was not reoxidized. 
Therefore, the Cl peak decreasesd but no S peak 
could observed. In experiment # 4, the film was 
soaked in a solution of 0.003 M ammonia and 0.05 
M Na,SO, for 1 min, and a potential of + 0.3 V 
was applied. The Cl peak decreased and a clear 
peak for S appeared, indicating undoping of Cl - 
and redoping with SO; -. Experiment # 4 was 

100 nA II 1 

Fig. 5. Signal degradation caused by measuring relatively high 
ammonia concentrations. A standard solution of 0.01 M 
NH&I was injected into the FI analyzer as follows: ten 
injections. 10 min break, five injections. The volume of the 
injected sample was 100 ~1. 

similar to # 2, but the ammonia concentration 
was lower and the soaking time shorter. By study- 
ing the curve for # 4, it can be seen that the Cl 
peak decreased to the same level as in experiment 
# 2, but the S peak did not increase as much as in 
# 2. This is obviously due to the physical differ- 
ences between films # 2 and # 4. In experiment 
# 5, the PPy film was soaked in 0.15 M H,SO, for 
30 s. No change compared to curve # 1 can be 
observed. This indicates that the PPy film doped 
with Cll remained doped at this potential and 
that Cl ~ could not be exchanged for SO: - with- 
out first undoping the PPy film. The results in Fig. 
6 indicate that the reaction behind the amperomet- 
ric PPy-based ammonia sensor is - at least for 
the most part - the ordinary, reversible redox 
reaction of PPy rather than an irreversible reaction 
between ammonia and PPy. 

The redox characteristics of ammonia were ex- 
amined further by cyclic voltammetry at a bare Pt 
electrode. Fig. 7 shows the cyclic voltammogram 
of a solution of 0.15 M NH, in 0.2 M NaCl at pH 
11.2. There is also a reference voltammogram 
taken in a solution whose ionic strength and pH 
were identical to the ammonia solution, but that 
did not contain any ammonia. It can be seen that 
an increase in oxidation current is observed in the 
ammonia solution even at the bare electrode. 
Since Pt is a chemically inert material, there is no 
possibility of an oxidation reaction between am- 
monia and the electrode material, and the current 
has to originate from an oxidation process of 
ammonia alone. This experiment clearly proves 
that an irreversible reaction between PPy and 
ammonia is not necessarily needed for oxidation 
of ammonia and reduction of PPy. Of course, it 
does not prove that such an irreversible reaction 
does not take place, but it makes reversible un- 
doping-doping more plausible as the reaction for 
the signal observed with the PPy electrode. 

When the PPy electrode comes into contact 
with an aqueous solution of ammonia, the ammo- 
nia ~ according to the undopinggdoping model 
- reduces PPy. If a potentiostat is used to keep 
the potential of the PPy electrode at a constant 
positive potential, the PPy film is immediately 
reoxidized, doped, to its original redox state. In 
experiments # 2 and # 4, it can be seen that Cl ~ 
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Fig. 6. EDAX spectra of PPy samples treated in different ways. The treatment procedures are given in Table 1 
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was exchanged with SO: -. The electrochemical 
reoxidation step produced an oxidation current 
that was the signal of the sensor. A representation 
of the model for the results in Figs. 2-4 is given 
in Scheme 1. 

The oxidation product of ammonia is denoted 
by OxP. Fig. 8 shows a cyclic voltammogram 
where the catalytic oxidation of ammonia at a 
PPy electrode is clearly seen: the presence of only 
5 mM ammonia resulted in an increase of 3.2 ,uA 
mm -* in the oxidation current on the PPy-coated 
electrode. The same concentration of ammonia, 
however, increased the oxidation current by only 
0.071 ,uA mm ~ * when measured at a bare Pt 
electrode. We have not been able to identify the 
oxidation product. It may also be somehow at- 

NH YtiOxP+e- 

PPy+(CI-)+e- + PPy”+CI- 

tached to the polymer as described by Gustafsson 
et al. in their mechanisms. It should be pointed 
out that the reaction mechanism as presented 
above refers to the reversible reduction of PPy 
describing the response of the sensor at the ,uM 
concentration level. The mechanism for the irre- 
versible reduction, however, is not yet clear and is 
therefore not discussed further in this paper. A 
proposal for the irreversible reaction mechanism 
is presented elsewhere [ll]. 

4. Conclusions 

The PPy-based ammonia sensor is shown to 
work satisfactorily. However, it has two major 

oxldatlon of NH, 

reversible reduction of PPy 

PPy + (Cl ) + NH 3 G$ PPy”+OxP+CI- 

PP.“+cl- + > PPy+(Cl-)+r- 

NH 3tiOxP+e- 

overall chemical reduction of PPy by NH, 

electrochemical reoxidation of PPy 

overall reaction of ammonia detection 

Scheme I 
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Fig. 7. Cyclic voltammograms at a bare Pt electrode (area 2.4 mm’) in two different media. Medium “I” is 0.2 M NaCl (pH adjusted 
to 11.2 with NaOH). Medium “2” is 0.2 M NaCl + 0.15 M NH, (pH 11.2). The sweep rate is 50 mV s- ‘. 

problems. Firstly, high concentrations of small 
inorganic anions such as Cl ~ cause considerable 
interference by giving rise to false signals. Sec- 
ondly, the sensor is deactivated when measure- 

ments at high ammonia concentrations are 
performed. The first problem can be diminished 
to a certain extent by adding the anionic surfac- 
tant dodecyl sulfate to the buffer stream. This 

-1 .o I 1 I I I I 
0.0 0.1 0.2 0.3 0.4 0.5 

E 

W) 
Fig, 8. Cyclic voltammograms at a Pt-PPy electrode (area 0.16 mm’) in two different media. Medium “1” is 0.05 M borax (pH 9.2). 
Medium “2” is 0.05 M borax + 5 mM NH,. The sweep rate is 50 mV s- ‘. 
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procedure, however, results in a new interference 
caused by cations, which can be reduced to a 
certain extent by addition of sodium chloride to 
the buffer stream. These measures do not remove 
the problem completely, but they do make it 
much less severe. 

The second problem is the deactivation of the 
sensor, when measuring relatively high concentra- 
tions of ammonia. EDAX and IR studies of am- 
monia-deactivated PPy samples supported the 
theory that PPy remains virtually chemically in- 
tact in the ammonia measurements. Exposing the 
sensor to ammonia concentrations greater than 1 
mM resulted in a decrease of the sensor signal 
that was partly reversible and partly permanent. 
The deactivation may thus be thought of as being 
due partly to the oxidation product(s) of ammo- 
nia sticking to the electrode surface, and partly to 
irreversible electrochemical degradation of PPy. 
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Abstract 

A porous polytetrafluoroethylene (PTFE) junction reference electrode with an air-tight inner solution chamber 
containing saturated potassium chloride (KCI) was developed for flow analysis. This reference electrode is not 
influenced by a change in the sample pressure, and is not necessary to supply the KC1 inner solution. The pore size 
of the porous PTFE junction is about 150 pm, although the conventional porous ceramic junction is 0.1 - 0.3 pm. 
The large pore size of the porous PTFE junction promotes the continuous exudation of KCI from the liquid junction 
and the higher surface tension of PTFE is effective to prevent the overflow of KCl. The porous PTFE was made by 
putting 74% of PTFE powder and 26% of KC1 powder in a mold, pressing with a pressure of 200 kgf cm-*, and 
sintering at 365°C. The quantity of KC1 exuded from the disposable reference electrode is closely related to the life 
of the electrode. The relationship between the diffusion rate of the PTFE reference electrode and its characteristics 
was investigated. The quantity of KC1 exuded from this reference electrode was initially of the order of lo-’ mol h- ’ 
and decreased to the order of lop6 mol hV’ after a year. This is approximately one-tenth of that exuded in a 
conventional reference electrode with a ceramic junction. The junction potential of the developed reference electrode 
was stable in the pH range 2 - 12 with a total ionic strength of more than lo-‘mol IV’. This reference electrode 
containing 8 ml of the KC1 inner solution was able to be used continuously for one or two years. 

Keywords: Stable reference electrode; PTFE; Liquid junction 

1. Introduction 

One of the most important performances in the 
use of the reference electrode is continuous 
outflow of the potassium chloride (KCI) inner 

* Corresponding author. Fax: (81)422-52.2042. 

solution from the liquid junction [l]. In the con- 
ventional reference electrode, 0.1 - several ml 
day-’ of the KCI internal solution exudes con- 
stantly through the liquid junction of the refer- 
ence electrode. If the outflow of the KCI internal 
solution from the inside of the reference electrode 
to the outside (into the sample solution) was 
stopped, the KCI concentration at the surface of 

0039-9140/96j$l5.00 0 1996 Elsevier Science B.V. All rights reserved 
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the liquid junction would become low, the refer- 
ence electrode would lose its normal function and 
liquid junction potential errors would occur. As a 
result, the liquid junction potential would become 
unstable or fluctuating. Generally, to get a stable 
junction potential, a technique of pressing the 
KC1 inner solution against the sample pressure 
has been used when the sample has some pressure 
or else the KC1 inner solution for KC1 consump- 
tion has been supplied using a head tank of the 
KC1 solution. This is a very annoying matter in 
the treatment of the reference electrode. It is an 
obstacle to the miniaturization of a reference elec- 
trode in the case of flow analysis in which the 
sample pressure is particularly changeable. If we 
simply make a smaller-sized electrode by making 
the KC1 chamber airtight, the continuous outflow 
of the KC1 solution from the liquid junction be- 
come impossible and its performance is lost. 

Up to now, many attempts to improve the 
reference electrode have been done for flow analy- 
sis. As an example, a solid-state reference elec- 
trode of the coated-wire type based on the 
silver/silver chloride (Ag/AgCl) electrode was re- 
ported. It is easy to miniaturize and is not influ- 
enced by the sample pressure, furthermore it is 
free from the direction in case of installation 
[2-61. An example of an ion-selective field effect 
transistor with a inert polymer membrane has also 
been reported [7]. However, in our experiences, 
the solid-state reference electrodes do not give 
satisfactory stability and reproducibility of the 
reference electrode potential. As a reference which 
belongs between the conventional reference elec- 
trode and the solid-state reference electrode, we 
have developed an air-tight structured reference 
electrode with a KC1 inner solution. As men- 
tioned above, in an air-tight structured reference 
electrode with a ceramic junction, continuous 
outflow of the KC1 inner solution could not be 
expected. At first, we tried to use a ceramic junc- 
tion (5 mm in diameter and 5 mm in length) with 
an air-tight structure. However, the outflow of the 
KC1 inner solution from the reference electrode 
was too high. We decided that a plastic with 
higher surface tension than an alumina or a silica 
ceramic was a good material to use. We adopted 
polytetrafluoroethylene (PTFE) because of the 

easy plastic molding operation and its anti-corro- 
sion ability in the various sample solutions. To 
make small holes to exude the KC1 inner solution 
through PTFE, a mixture of PTFE powder and 
KC1 powder was molded, and when it was washed 
by water after a cutting process, it became porous 
PTFE. The KC1 powder was selected to give 
porosity to the PTFE junction because it was easy 
to arrange the uniformed particles, stable above 
365°C and soluble in water. This reference elec- 
trode with the porous PTFE junction has an 
air-tight KC1 inner solution chamber, and the 
KC1 inner solution should be packed so as not to 
allow any air in this chamber. In this reference 
electrode, there is not outflow of the KC1 inner 
solution but diffusion of K+ and Cl- ions from 
the reference electrode to the sample solution. By 
the diffusion of K+ and Cll ions, the liquid 
junction potential is kept stable. We studied the 
processes for producing the porous PTFE liquid 
junction and its performances. A long-term stable 
and maintenance-free reference electrode with 
porous PTFE liquid junction was developed and 
applied to flow analysis with the ion electrode. 

2. Experimental 

2.1. Apparatus and reagents 

A DKK Model IOL-50 ion-meter, a DKK 
Model EL7020 chloride ion electrode, and a 
DKK Model EL4083 reference electrode were 
used for outflow or diffusion rate measurements 
of Cl- ion from the reference electrode. 

PTFE powder for molding Model Ml 2 (grain 
size = 20 pm) and Model M33 (grain size = 
750 pm) were purchased from Daikin Industries 
(Osaka, Japan). All chemicals used were of ana- 
lytical reagent grade. Potassium chloride, hy- 
drochloric acid, acetic acid, trimethanolamine and 
sodium hydroxide were obtained from Wako 
Chemicals (Osaka, Japan). The KC1 was sieved 
using a sieve of 40 Y 80 mesh to get uniform 
particles. Pure water obtained by a MILLI-Q SP 
Reagent Water System was used in this work. A 
model Fl 1 porous ceramic was purchased from 
Kyocera (Kyoto, Japan), and was used as the 
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ceramic junction by molding and cutting to 2 mm 
in diameter and 10 mm in length. The material, 
mean porosity and pore rate of this ceramic junc- 
tion are 99.9% of alumina (Al,O,), 0.3 mm and 
47% respectively, according to the maker. 

2.2. Manufacture of porous PTFE junction 

The KC1 powder of uniform size was obtained 
as follows. The KC1 was dried for about 1 h in an 
oven at 120°C ground to find powder by a mor- 
tar, and was sieved in two ranks: 100 - 60 mesh 
(147 - 246 pm grain size); and 80 - 48 mesh 
(175 - 295 pm grain size). If the grain size is less 
than 147 pm, the outflow of KC1 solution through 
the PTFE junction was not observed. Further- 
more, if it is more than 295 pm, the outflow of 
KC1 solution is too much to use at the liquid 
junction. The standard deviation of the outflow 
rate of this PTFE junction for the grain size or 
the content of KC1 is not small, i.e. about 30%. 
The KC1 grain size of 147 - 246 pm with smaller 
standard deviation was adopted practically. 

As the grain size of PTFE powder did not 
influence the outflow rate of this PTFE junction, 
PTFE of finer size was used for Model M12. 

The developed reference electrode consisted of 
the PTFE body and the PTFE junction which 
were pressed and sintered together. PTFE powder 
only was used in the part of the body, the mixture 
of PTFE powder and KC1 powder was used in the 
part of the junction. The PTFE-KC1 mixture was 
made, that is, the PTFE powder was mixed with 
KC1 powder for 10 min at 1520 rev min-‘. Firstly, 
80 g of the PTFE-KC1 mixture was stuffed in the 
bottom part of the stainless-steel cylinder mold 
(25 mm in diameter and 250 mm in length). Next, 
200 g of the PTFE powder was stuffed in the 
upper part of it. The PTFE powder and mixture 
were pressed for 5 min at 200 kgf cmp2. In this 
way a stick 25 mm in diameter and 70 mm in 
length was obtained. One part of this stick con- 
sists of the PTFE, another part consists of the 
mixture. This stick was sintered for 2.5 h at 
365°C and was cut by a lathe in the shape of the 
reference electrode body. The part of the liquid 
junction (porous PTFE) consists of the sides of 
12 mm diameter and 10 mm in length, and the 

bottom. Its surface area is about 5 cm’. The rela- 
tionship between the wall thickness and the 
outflow of KC1 through the PTFE junction was 
observed to be inversely proportional. When the 
wall thickness was less than 1.5 mm, the outflow 
of KC1 was too much to use for a long period. 
When it was more than 2.5 mm, the outflow of 
KC1 was too low for the junction potential to 
become unstable. The wall thickness of the sides 
and the bottom was made to be 2 mm. At the end 
of the process, the reference electrode body was 
left in water overnight at room temperature for 
making porous PTFE by solving and removing 
the KC1 powder. 

2.3. Structure of reference electrode 

The structure of the reference electrode is 
shown in Fig. 1. The reference electrode and the 
liquid junction are in a body, and there is a screw 
for installation of a flow cell. The inner electrode 
used is the silver/silver chloride electrode. As an 
inner solution, the saturated KC1 solution and the 
KC1 sludge are enclosed in it. The super-saturated 
KC1 enclosed in the electrode body would de- 
crease by diffusion to the sample solution in prac- 
tical use as the source of KCl. 

2.4. Measurement of d#iision rate of KC1 

The diffusion rate of KC1 in the PTFE reference 
electrode to the sample solution was measured as 
follows. A junction part of each reference electrode 
was soaked in 40 ml of water at room temperature. 
After 24 h exactly, the 40 ml of water-diffused KC1 
was made up to 50 ml exactly, and the molar 
concentration of Cl- ion was measured by a 
chloride ion electrode. The diffusion rate was 
calculated as the number of moles of KC1 diffused 
in a unit time (1 h). This measurement was 
made using ten developed reference electrodes 
and the percent standard deviation was calculated. 
It was measured once a month, and was continued 
for 12 months. The first measurement was made 
a week after manufacture. During the test terms, 
the junction part of the reference electrode 
was soaked in water, which was renewed once a 
week to keep its electrtonic conductivity low. 
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Fig. I. The structure of the PTFE reference electrode 

The change in the KC1 diffusion rate is shown in 
Fig. 2. The open circles show the KC1 diffusion 
rate of the PTFE junction. The filled circles show 
the KC1 diffusion rate of the ceramic junction. 
The reference electrode with ceramic junction pre- 
pared for the test was manufactured by holding 
the porous ceramic (2 mm in diameter and 10 mm 
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Fig. 2. The change in the KCI diffusion rate of the PTFE 
reference electrode. 
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Fig. 3. The ionic strength effect of the PTFE reference eiec- 
trode. 

in length) with rubber packing at one end of the 
glass tube (12 mm in diameter). The head pressure 
of the KC1 inner solution was kept at 
0.1 kgf cme2 (about 1 m in a column of water) by 
supplying another KC1 inner solution occasion- 
ally. In the case of the PTFE junction, the KC1 
diffusion rate was 2.5 x 1 O- ’ mol h ~ ’ initially and 
it became 3.0 x 10e6 mol hh’ after a year. How- 
ever, in the case of the ceramic junction, it was 
1.25 x lop4 mol h- ’ throughout the year. The rel- 
ative standard deviation of the KC1 diffusion rate 
was k 60% after a week, +45X1 after a month, 
and f20% after a year in the PTFE junction. It 
was &- 10% after a week, +20X after a month and 
+20% after a year in the ceramic junction. 

2.5. Measurement of’ ionic strength efect 

Generally in the reference electrode, the liquid 
junction potential is growing when the outflow of 
the diffusion of KC1 is scant, because it is being 
blocked by particles of dirt or soil in the sample 
solution [8]. The PTFE liquid junction is influ- 
enced by the ionic strength of the sample solution 
when the diffusion of KC1 is in short supply too. 
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Fig. 3 shows the ionic strength effect of this PTFE 
reference electrode. The ionic strength was ad- 
justed by KCI. The liquid junction potential was 
measured against the standard Model 4083 refer- 
ence electrode with a glass sleeve junction. The 
measurement was performed on each of ten pieces 
a month, six months and a year after manufac- 
ture. There was a slight tendency for the junction 
potential to become large with the lapse of 
time after manufacture. The magnitude of the 
junction potentials mostly corresponded to a little 
diffusion of KCl. It was 3.3 +2 mV at 
10e4 mol 1-l and 1.1 _+ 0.5 mV at 10e3 mol 1-i of 
the ionic strength. When the ionic strength was 
above lop2 mol I-‘, the junction potential was 
nearly zero. 

2.6. Measurement of pH efect 

The PTFE liquid junction is also influenced by 
the hydrogen ion activity (H+ or pH). In Fig. 4, 
pH O-3 was adjusted by addition of hydrochloric 
acid, pH 4-7 with acetic acid and sodium hydrox- 
ide, pH 8-12 with triethanolamine and hydro- 
chloric acid, and pH 13- 14 with sodium 
hydroxide, using a pH meter. The ionic strength 
of each solution was adjusted in 0.01 mol 1-l steps 
by KCl. The liquid junction potential was mea- 
sured against the standard Model 4083 reference 
electrode with a glass sleeve junction. The mea- 
surement was performed on ten pieces a month, 
six months and a year after manufacture. The 
magnitudes of the junction potentials correspond 
to the diffusion of KC1 mostly. They were 
10.5 f 4.9 mV, 4.2 + 1.8 mV, 1.1 + 0.4 mV, -0.5 
+0.2mV, -1.4f0.4mV and -4.1 + 1.4mV at 
pH 0, 2, 12, 13, and 14 respectively. In the pH 
range 3- 11, they were almost zero. 

2.7. Relationship between KC1 d$iision rate and 
temperature 

The diffusion rate of KC1 seems to increase 
with a rise in temperature. Fig. 5 shows the 
relationship between the diffusion rate and the 
temperature. The measurements were made at 5, 
10, 20, 30, 40 and 50°C with the same reference 
electrode after six months. A junction part of each 

reference electrode was soaked in 40 ml of water 
at each temperature. After 24 h exactly, the sam- 
ple of 40 ml including diffused KC1 was made up 
to 50 ml exactly, and Cl- ion molar concentration 
was measured by the chloride ion electrode. The 
diffusion rate was calculated as the number of 
moles of KC1 diffused in a unit time (1 h). Al- 
though it was 4 x 1O-6 mol hh’ at 5 or 10 “C, it 
increased to 8 x 1O-6 mol hh’ at 40°C. When the 
temperature exceeds 40°C the diffusion rate in- 
creased to 1.5 x lo-’ mol h-’ at 50°C. 

2.8. Aplication to flow analysis 

In order to apply this PTFE reference electrode 
to flow analysis with the ion electrode, the flow 
cell and the system were devised. Fig. 6 shows a 
flow cell and a how system. The flow cell was 
made from a transparent polyacrylate resin. The 
ion electrode and the reference electrode were 
mounted on the cell by a screw, and were shielded 
by a rubber O-ring. A fluoride ion electrode was 
used, and a fluoride ion electrode membrane (lan- 
thanum fluoride, LaF,, single crystal) which is not 
as easily influenced by the sample pressure change 
as a solid state membrane, and has very good 
characteristics among many sorts of ion electrode 
membrane such as stability, high sensitivity, good 
reproducibility and response. The fluoride ion 
electrode was manufactured by pasting an epoxy 
resin tube with a LaF, single crystal membrane 
(8 mm in diameter and 2 mm in length), by 
putting 1 mol 1-i sodium chloride and 0.01 mol 
1-l sodium fluoride as an inner solution in it, and 
by leading out the silver/silver chloride inner elec- 
trode. The sample was admitted to the cell with 
the peristaltic pump or could be sucked in by the 
peristaltic pump behind the flow cell. Inner di- 
ameters of the sampling tube and the passage in 
the flow cell are 1 mm. The sample flows through 
a very small region of the ion electrode mem- 
brane. The size of this region is 5 mm in diameter 
and 0.2 mm in depth, i.e. the volume is about 
0.04 ml, and the cross-section of the sample pas- 
sage in the neighborhood of the ion electrode 
membrane is about 0.01 cm2. When the sample 
flow rate is 5 ml mix ‘, the line flow rate of the 
ion electrode membrane surface becomes 
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Fig. 4. The pH etfect of the PTFE reference electrode. 

8.3 cm s- ‘. However, in the neighborhood of the 
liquid junction of the reference electrode, the pas- 
sage diameter is 14 mm as against the liquid junc- 
tion diameter of 12 mm. The line flow rate of the 
liquid junction surface becomes about 0.05 cm 
ss ‘. It is about two orders of magnitude smaller 
than that of the ion electrode. 

To study the performance of the flow system 

0 10 20 30 

Temperature 
40 50 

Fig. 5. The relationship between the diffusion rate and the 
temperature. 

with the PTFE reference electrode in Fig. 6, the 
batch cell measurement was used as a reference 
standard method. The fluoride ion electrode and 
the Model 4083 (with glass sleeve junction) refer- 
ence electrode are placed in a 200 ml beaker. The 
sample of 100 ml in a beaker was stirred by a 
30 mm length of magnet on a magnetic stirrer at 
400 rev min-‘. The line flow rate of the fluoride 
ion membrane surface becomes about 63 cm s-’ if 
its membrane is located very close to the magnet 
edges and the viscosity of a sample is neglected. 
As the sample solution, F- standard solution- 
NaF of 10p2, 10p3, 10-4, lo-’ and 10p6mol 
1-l -were prepared based on KC1 solutions of 
10p2, 1O-3 and 10-4mol ll’, respectively. How- 
ever in the batch cell, F- standard solutions only 
based on 10e2 mol l- ’ KC1 were used as the 
concentration of the sample solution increases 
owing to exudation of KC1 from the liquid junc- 
tion. Table 1 shows the reproducibility of this 
reference electrode in the F- measurement of 
different concentrations. The measurement was 
performed as follows. Before use, electrodes and 
cell were sufficiently conditioned with the blank 
solution (based on the same concentrated KC1 
solution with each standard solution, did not 
contain the F- ion). With four kinds of F- 
standard solution and the blank solution, mea- 
surements were repeated several times, from 
10m6 mol ll’ F- solution to 1O-5 mol ll’ F- so- 
lution, from 10e5 to lop4 mol ll’, from 10e4 to 
lo-‘mol lp3 to lop2 mol ll’, from 1O-2 to 
10p3mol ll’, from lop3 to 10p4mol l-l, from 
lop4 to lop5 mol l-‘, from lop5 to lop6 mol l-l, 
from blank solution to lop6 mol ll’, from blank 
solution to lop3 mol l- ’ and from blank solution 
to lop2 mol 1-l. All data were obtained when the 
measuring value was constant within 0.1 mV for 
30 s as a final value. Reproducibility shows dou- 
ble the standard deviation of the final values. It is 
important that the sample solution is stirred pow- 
erfully in the low level measurement by the 
fluoride ion electrode. In Table 1, the reproduci- 
bility of the 1O-6 mol 1-l F- standard solution 
may be caused not by the reference electrode but 
by the F- ion electrode. However, it can be said 
that a flow cell measurement with the PTFE 
reference electrode is equal to a batch measure- 
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Fig. 6. The structure of the flow cell system for ion analysis 

ment when the ionic strength of the sample solu- 
tion is over 10-j mall-‘. 

3. Results and discussion 

3.1. Performance of PTFE reference electrode 

The results of the fluoride ion measurement are 
shown in Table 1. In the case of measurements 
with the conventional reference electrode (with 
glass sleeve junction), the reproducibility of the 
potential could be said to be within f 1 mV. A 
potential error of 1 mV causes z4% concentra- 
tion error in fluoride ion (mono-ion) measure- 
ments, and a zS% concentration error in 
divalent-ion measurements. These are regarded as 
adequate for the ion electrode measurements. In 
the measurements with the PTFE reference elec- 
trode, when the total ionic strength of the sample 
solution is more than lo-‘mol l-‘, the perfor- 
mance can be said to be nearly equal to that with 
the conventional reference electrode. 

3.2. Restriction of application und errors 

In the practical use of the solid-state reference 
electrode or the disposable reference electrode, 
occurrence of the unnecessary liquid junction po- 
tential should be paid attention to when consider- 
ing the pH or the total ionic strength of the 

sample solution. In the case of using this PTFE 
reference electrode in pH measurement with a 
glass pH electrode, errors of about +O. 1 pH in 
the sample with liquid resistance of about 
20mSm-‘, + 0.3 pH in the sample of 0 pH, 
f0.1 pH with 1 pH and -0.1 pH with 14 pH had 
to be expected respectively, at 25”C, as shown in 
Figs. 3 and 4. 

3.3. Amount of inner KC1 in reference electrode 
und electrode life 

The content of the inner solution in a manufac- 
tured reference electrode such as that shown in 
Fig. 1 is about 10 ml. Though the amount of KC1 
contained in a saturated KC1 solution is 3.1 g, 
10 g of KC1 can be contained in it when KC1 
sludge is considered. This amount of KC1 (10 g) is 
equivalent to 0.134 moles. If the average diffusion 
rate from the PTFE junction is 5 x 10d6 mol h-‘, 
the electrode could be durable for 3.1 years of use 
with 10 g KCl. If it is 10e5 mol h-‘, its life could 
be about 1.5 years under continuous measurement 
conditions. 

3.4. Mechanism of porous PTFE liquid junction 

In the reference electrode, errors in the liquid 
junction potential seem to occur by decrease in 
KC1 concentration on the liquid junction surface 
[9]. Essentially, the surface of the liquid junction 
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Reproducibility of fluoride ion measurement 

Concentration of 
standard solution 

Batch cell measurement Flow cell measurement (with PTFE reference electrode) 
(with Model 4083) 
IO-‘mol Il’ of KC1 10m4 mol I-’ of KC1 IO-‘mol I-’ of KC1 IO-” mol l- ’ of KC1 

Potential Reproducibility Potential Reproducibility Potential Reproducibility Potential Reproducibility 

WV) WV) (mV) (mV) (mv) WV) (mv) (mv) 

IO-” mol ll’ of F- -20.3 kO.3 -20.1 + 1.3 -20.5 io.5 -21.7 +0.3 
IO-‘mol I-’ of F- 38.8 +0.3 38.0 * 1.7 38.6 +0.6 37.4 kO.3 
IO-” mol I-’ of F- 97.6 kO.5 95.5 k 1.6 97.3 iO.8 96.2 kO.4 
IO-‘mol ll’ of F- 156. I +0.7 152.5 +2.7 155.9 F 1.1 154.8 iO.6 
10-hmol ll’ of F- 212.2 k2.1 208.3 k4.2 213.6 k2.1 212.3 &I.1 

should be filled with concentrated KCI. The con- 
ventional type of reference electrode has a KC1 
supply system (head tank or compressed air); the 
fresh KC1 inner solution exuded through the liquid 
junction keeps the concentration of KCI high on 
the liquid junction surface. However, in the solid- 
state type of reference electrode or the reference 
electrode with an air-tight structured inner solu- 
tion chamber, such as this PTFE reference elec- 
trode, decrease of KC1 concentration on the liquid 
junction surface cannot be prevented. As this 
decrease of KCI concentration is caused by the 
dilution of the inner solution (concentrated KCI) 
with the sample solution, ease of replacement or 
supply of KCL becomes important in the junction 
material and the inner solution. An aqueous inner 
solution is easily replaceable compared with the 
solid-state electrolyte, the gel or high viscosity 
solution. Furthermore, as the porous PTFE junc- 
tion has a larger pore size compared to the porous 
ceramic junction, quicker replacement or supply of 
KC1 can be expected. 

the outside of the reference electrode is much less 
than for a ceramic junction. In addition, as it has 
higher surface tension then ceramics, miscibility 
between the inner solution and the sample solution 
became smaller. As a result, it can be said that this 
PTFE reference electrode is compact, disposable, 
long-lived, and has good performance compared 
to the conventional reference electrode. 
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Abstract 

The potentiometric and impedance characteristics of polymeric membranes, based on aliphatic polyurethane 
(Tecoflex) as a matrix, are described and interpreted by theory and experiments for H+ and alkali metal ion-sensitive 
sensors. Both dummy plasticized membranes and proton carrier-loaded membranes can show pH response. The pH 
response of dummy membranes is due to protonated natural negative sites in the polyurethane matrix. The electrodes 
with added proton carrier show improved rejection of Li+, Na+, and K+ responses and give useful analytical 
responses. Optimal performance requires control of negative site concentration by addition of lipophilic salt (e.g. 
tetraphenylborate derivatives). Impedance analyses show surface-rate semicircles and, depending on the bathing 
electrolyte solution, appearance of a diffusional Warburg impedance. In addition to these time-dependence surface 
region effects, changes in the bulk membrane resistance with soaking time can be well correlated with equilibrium 
water content of plasticized membranes. 

Keywords: Polyurethane; pH sensors; Electrical properties; Potentiometric properties 

1. Introduction 

In recent years, there has been an increasing 
interest in the design and fabrication by solid- 
state technology of electrochemical sensors that 
respond to blood gases and ions as well as vari- 
ous organic substrates such as lactate and glu- 
cose in blood [l-7]. In these sensors, the poly- 

*Corresponding author. 

merit membranes are cast on solid surfaces with 
no internal electrolyte solution [8] or with 
very small volumes of isotonic buffer solution 
[1,2,9] incorporated into a thin hydrogel layer. 
The substrate (platform) of these devices is ei- 
ther silicon, alumina or polyimide (Kapton), 
which often includes integrated electronics. The 
hydrogel layer (e.g. poly (2-hydroxyethyl 
methacrylate); poly-HEMA) is loaded with a 
buffered aqueous solution containing a required 
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salt that ensures a thermodynamically defined in- sive properties, less anion interference, extended 
terface. lifetime and better biocompatibility [24]. 

While several polymeric matrices have been 
used in macro ion-selective electrodes (conven- 
tional type with a large volume of inner solution), 
poly (vinyl chloride) (PVC) remains one of the 
best membrane matrices. A few other materials, 
such as silicone rubber [lo], ethylene vinyl acetate 
[ll], and polyimide [12], were proposed as mem- 
brane matrices in polymeric ion-selective elec- 
trodes. However, reduction of macro- to 
micro-electrodes has uncovered new problems 
with these materials. One of the main causes of 
failure in the miniature probes has been the poor 
adhesion of these membranes to the substrate 
surface, leading to electrolyte shunts around the 
membrane making the sensor inoperative. The 
lifetime of the sensor can be enhanced signifi- 
cantly with improved membrane adhesion. Thus, 
the problem of adhesion of different polymeric 
ion-selective membranes to the substrates (plat- 
forms) determines which of many suggested mate- 
rials is optimal. 

Additional polymer materials have been sug- 
gested by Meyerhoff and his co-workers [ 13- 161 
and by others [17-201. Some of these materials 
have improved adhesion to various substrates but 
may show inferior electrochemical performances 
when compared to PVC. Carboxylated PVC 
(PVC-COOH) and aminated PVC (PVC-NH,) 
have found many applications in biosensor fabri- 
cation and in planar ion-selective sensors pro- 
duced by microelectronic technologies 
[l-3,7,20,21,23]. In two recent papers Meyerhoff 
and co-workers [15,16] showed that both biocom- 
patibility and adhesion may be improved by using 
a mixture of polyurethane (PU) and hydroxylated 
PVC (PVC-OH) or PU-terpoly(viny1 chloride/ 
vinyl acetate/vinyl alcohol). However, they 
showed that the response slope and selectivity of 
potassium selective membranes prepared with 
pure polyurethane matrix were inferior to those of 
the standard PVC matrix membranes [15]. In 
contrast to this observation, we found that 
aliphatic polyurethane (Tecoflex) have very good 
analytical performances in Ca2+ and K+ selective 
sensors with normal and reduced amounts of 
plasticizer [24,25]. Additionally, the membranes 
with reduced plasticizer content had better adhe- 

Recently, our work has focused on using un- 
modified aliphatic PU as a polymeric matrix for 
pH sensors with possible biomedical applications. 
We were surprised to find that dummy membranes 
(matrix + plasticizer) showed pH responses as 
PVC-COOH or PVC-NH, do. In this paper, we 
demonstrate the ion-exchange properties of PU 
membranes and interpret the ion exchange for 
H+- and M+-sensitive membrane sensors theoret- 
ically and experimentally. The nature of anionic 
sites in the plasticized PU membranes remains 
unknown, but they are believed to be residual 
ionic components from the manufacturing pro- 
cess. Additionally, PU may be protonated by 
acidic electrolytes, and this phenomenon is respon- 
sible for leveling the pH response and introducing 
anion responses of these plasticized membranes. 
By incorporating a proton carrier in the PU plas- 
ticized membrane, the pH response range is signifi- 
cantly improved. Addition of both controlled sites 
(tetraphenylborate) and proton carriers produces 
a superior pH sensor. Impedance analysis was 
used to understand the behavior of the membranes 
in various bathing electrolyte solutions, over 2 
days of electrolyte contact. 

2. Experimental 

2.1. Reagents and solutions 

For all experiments, deionized water (Barnstead 
NAN-O-Pure II) and chemicals of p.a. grade were 
used. Most of the products were supplied by 
Fluka (Ronkonkoma, NY): H’ carrier ETH 5294 
(Chromoionophore I, Chl, # 27086); 2-nitro- 
phenyl octyl ether (o-NPOE, +27086); bis (2- 
ethyl-hexyl) sebacate (DOS, # 848 18); potassium 
tetrakis (4-chlorophenyl) borate (KTpClPB), 
#60591). The material used for the membrane 
matrix was aliphatic polyurethane (Tecoflex 85A) 
supplied by Thermedics Inc. (Woburn, MA). Dur- 
ing this work, the following buffer solutions were 
used for the determination of pH sensitivity and 
potentiometric selectivities of the electrodes based 
on PU matrix: (1) citrate-borate buffer with 
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60 mM Li+ ion background; (2) a Tris buffer with 
140 mM Na+ ion background; and (3) a Tris 
buffer with 200 mM K+ ion background [18]. The 
pH values of the solutions were adjusted using a 
hydrogen-selective glass electrode (Orion, Model 
91-57). Solutions of alkali metal chlorides (lo-‘- 
lop5 M) were prepared by serial dilutions from 
the respective 10-l M stock solution and were 
used for both potentiometric calibrations and se- 
lectivity coefficient determinations. 

2.2. Membrane and electrodes 

The solvent polymeric membranes were cast as 
described elsewhere [26] Dummy membranes con- 
tained only aliphatic PU, and the plasticizer in a 
weight ratio of 1:2. Additionally, membranes con- 
taining about 3% proton carrier (ETH 5294), and 
2% proton carrier plus 1% potassium tetrakis 
p-chlorophenyl borate respectively, were prepared 
and investigated. All studied membranes were in- 
corporated into Phillips IS-560 liquid membrane 
electrode bodies (Moller- Glassblaserei, Zurich, 
Switzerland) and evaluated for their electroanalyt- 
ical properties. The inner filling solution varied, 
depending on the performed experiment. For pH 
sensors, containing ‘normal’ membranes (e.g. car- 
rier and added sites), a Tris buffer of pH 7.0 was 
used throughout. 

2.3. EA4F measurements 

Measurements of emf were performed at room 
temperature in an air-conditioned laboratory at 
25.0 f 0.5”C with an Orion pH/mV meter (Model 
701A) connected to an Orion Model 605 electrode 
switch box. As a reference electrode, an Orion 
Model 90-02 Ag/AgCl double junction was used 
throughout (1.0 M lithium acetate solution in the 
outer compartment). The measured emf values 
were corrected for changes in the liquid junction 
potential according to the Henderson equation 
[271. 

2.4. Selectivity coeficients 

The selectivity coefficients, KH.M, for dummy 
membranes were determined by the separate so- 

lution method at the 10e3 M concentration level 
[28]. The mean activity coefficients were calcu- 
lated with the extended Debye-Huckel equation 
[27] and the measured emf values were corrected 
for changes in the liquid junction potential ac- 
cording to the Henderson equation [27]. The 
selectivity coefficients, KH.M, for “normal” 
membranes containing proton carrier and TPB- 
derivative were evaluated by using the calibra- 
tion curves obtained with the three buffer solu- 
tions listed above. 

2.5. Impedance spectra of dummy and “normal” 
membranes 

The bulk and surface resistances (R,,,, and 
R surf respectively) were determined from the 
impedance plots for each membrane using a So- 
lartron 1250 frequency response analyzer 
(FRA), a Solartron 1186 electrochemical inter- 
face, and a Hewlett-Packard 85B computer. The 
amplitude of the applied sinusoidal voltage was 
in all cases 0.25 V. Membranes with 0.5 cm* ac- 
tive surface areas were tested in Philips elec- 
trode bodies with an Ag,iAgCl double junction 
reference electrode as an external reference ele- 
ment. 

2.4. Equilibrium water content 

The equilibrium water content (EWC) of 
aliphatic PU membranes based on both o- 
NPOE and DOS as plasticizers was evaluated 
using the gravimetric method. Dry membranes 
weighing about 125 mg (w, ) were immersed in 
the appropriate soaking medium for 5 days, and 
the swollen membranes were blot-dried with a 
paper towel and immediately weighed (wz). 
Then, the swollen membranes were dried at 
room temperature to a constant weight (We). 
The EWC values were calculated using the fol- 
lowing equation: 

EWC(%) = [(wz - w,)/wJ x 100 

The loss of plasticizer from the membrane into 
the water phase was evaluated from the difference 
between w, and wj. 
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3. Results and Discussion 

3.1. Properties of PVC Membranes for 
comparison with PU membranes 

Poly (vinyl chloride) (HMW-PVC) has been 
considered as an inert matrix for the plasticizer to 
yield a structureless organic membrane that dis- 
solves the neutral carrier [29]. Later, this matrix 
was found to possess a more heterogeneous struc- 
ture [30] and to contain various anionic sites. The 
exact nature and origin of anionic sites in PVC 
has not been well established in spite of the 
interesting study and postulates of van den Berg 
et al. [31]. In order to identify the ionic compo- 
nents in PVC polymer, these authors used 
impedance measurements, X-ray fluorescence, sec- 
ondary ion mass spectrometry and X-ray pho- 
toelectron spectroscopy. They postulate that 
sulfate or sulfonate groups act as the anionic sites. 
Frequency response analysis measurements indi- 
cated that these sites may be present in the form 
of emulsifier residues and are not bound to the 
polymer matrix [31]. From conductivity measure- 
ments [30,31] it was shown that ionic sites gradu- 
ally leach out from the plasticized membrane. 
This finding does not prevent carboxylate from 
remaining immobilized in the membrane, cova- 
lently attached to the PVC backbone structure. 
These anionic sites create permselectivity for 
cations in ionophore-free membranes and are cru- 
cial for the performance of ion sensors [32,33]. 
Neutral carrier-based ion sensors can be opti- 
mized by the addition of lipophilic salt additives 
such as tetraphenylborate- and tetraalkylammo- 
nium derivatives for cation- and anion-selective 
sensors respectively. 

3.2. Dummy PU-based membranes: 
potentiometric cationic response due to residual 
sites 

Aliphatic PU used in our studies is a commer- 
cial product manufactured by Thermedics Inc. 
(type 8OA). It is specially formulated for medical 
applications and it is synthesised from methylene 
bis (cyclohexyl) diisocyanate (HMDI), poly (te- 
tramethylene ether glycol) (PTMEG), and 1,4-bu- 

tane diol chain extender [34]. Generally, from the 
manufacturing process of polyurethanes, it is pos- 
sible to have in the finished product traces of 
isocyanates, metalloorganic compounds used as 
catalysts, as well as various surfactants [35]. 

Dummy membranes (aliphatic PU and plasti- 
cizer only; weight ratio of 1:2) show cationic 
potentiometric responses when placed in solutions 
of different alkaline or alkaline-earth salts of vary- 
ing activities. This response is also observed with 
non-modified PVC [36]. In the case of modified 
PVC (aminated or carboxylated) the potentiomet- 
ric response to H+ and to H’ or M+ respectively, 
is clearly understandable and it was theoretically 
and experimentally described [13,22,37]. 

Surprisingly, PU shows a much better selectiv- 
ity than PVC-COOH for H+ over Na+, K+, Li+, 
NH: and Ca2+ [22]. For an electrode containing 
a dummy membrane of PU-NPOE, the following 
selectivity coefficients ( -log KH,M) were calcu- 
lated: 2.08, 1.95, 2.19, 2.04 and 2.47 respectively. 
This much better potentiometric response to pro- 
tons (pH linear range between 3 and 5; slope of 
43.3 mV pH-‘) is probably due to the presence of 
natural protonated sites in PU. The process of 
protonation by solvent acid to form a conjugated 
acid of urethane is a predominant factor in the 
dissociation [38]. Under extreme conditions (con- 
centrated acid, high temperature and pressure), 
the dissociation proceeds by eliminating iso- 
cyanate from the positively charged conjugated 
acid of urethane, which donates a proton to the 
solvent molecule (a termolecular mechanism): 

SH 

S+H2 + RI-N=C=O + R2-OH + S- 

State I 

In state I, simultaneously, one solvent S acts as 
a base to accept a proton and the other acts as an 
acid to donate a proton. By the shift of an 
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electron pair, state I may dissociate to a very 
small extent, but enough to create negative sites 
for protonation by ion exchange in the system. 
The latter could be responsible for H+ potentio- 
metric response. At pH < 3 the anion effect inter- 
ference (Donnan failure) was observed as the case 
of aminated PVC or proton carrier-based mem- 
branes [37]. This process is protonation of nitro- 
gen or oxygen atoms to create NH+X- from the 
extracted HX. 

3.3. Water uptake by dummy uliphatic PU 
membranes 

We found that the aliphatic PU takes up water 
as other polymers do [21,39-431. The water up- 
take depends on the polarity of the plasticized 
membrane as well as on the aqueous solvent 
(solution) used to hydrate the membrane. Higher 
EWC values were observed in pure water, when a 
polar solvent, such as o-NPOE, was used as the 
solvent plasticizer (E% = 23.9). With DOS 
(EEL = 3.9) the water uptake was less from pure 
water than from 10h3 M NaCl solution (Table 1). 
Interesting is the fact that a non-polar solvent 
such as DOS showed poor “compatibility” with 
the aliphatic PU. Freshly prepared membranes 
were “oily” and this plasticizer was exuded when 
the membrane was placed in contact with aqueous 
solutions. The exuded plasticizer surface layer was 
greater for DOS than for o-NPOE plasticizer 
(Table 1). Confirmation came from dummy mem- 
branes with DOS that showed a very high surface 
layer resistance as evaluated by impedance analy- 
sis (see below). These membranes also showed 
unstable potentiometric readings. This effect was 
also found in membranes containing a proton 
carrier, namely the phenoxazine derivative ETH 
5294. The high surface membrane resistance 
could be and was, reduced significantly by 
adding the lipophilic salt additive potassium te- 
trakis (6chlorophenyl) borate in our optimal 
compositions. 

3.4. impedunce analysis of PU dummy 
membranes 

Impedance analysis with dummy membranes 

showed that o-NPOE-based membranes revealed 
a second, so-called “kinetic”, semicircle at 
medium frequencies lying between the geometric 
bulk semicircle at highest frequencies and the 
Warburg impedance at lowest frequencies. As was 
shown by Buck [44], the second semicircle occurs 
for two well-known reasons: (i) slow, potential- 
dependent transfer rates for ions that cross the 
interface; and (ii) slow, potential-dependent trans- 
fer of ions through a high-resistance (relative to 
bulk) surface film. Both processes cause a second 
semicircle that disappears when surface rates be- 
come fast compared to bulk bathing electrolyte 
transport rates. Both processes are equivalent to a 
surface resistance (Z&) in parallel with a low-fre- 
quency capacitance, approximating the double- 
layer value at each membrane/electrolyte interface 
~321. 

Because of the very high surface resistance of 
PU-DOS membranes, reflected in the unstable 
potential measurements as well, we investigated 
only the polar membranes with o-NPOE as plas- 
ticizer (polymer:plasticizer ratio of 1:2 by 
weight). Interesting is the fact that in many situ- 
ations (different symmetric concentrations of 
bathing electrolyte) the second semicircle dimin- 
ished or disappeared, but in all cases the 45” 
line, indicating a Warburg impedance (current is 
controlled by diffusion of the counterions from 
bathing electrolyte), was observed (see Fig. 1 
(a-c)). Because counterions must be combined 
with sites, this feature indicates that mobile sites 
are present in dummy membranes, possibly from 
intrinsic charged impurities, and that concen- 
tration changes of sites, and corresponding 
diffusion, may occur. Alternative explanations 
seem less likely: (1) a porous surface layer 
through which solution species diffusion occurs; 
(2) an organic layer or site-free layer extracts 
whole salts that then diffuse to the bulk mem- 
brane. 

The size of the bulk resistance depends on the 
concentration of the bathing electrolyte. During 
48 h soaking (symmetric electrolyte concentration, 
i.e. 0.1 M or 0.01 M NaCl) the bulk resistance 
decreased gradually with elapsed time, as shown 
in Fig. 2. In an acidic medium (0.1 M NaCl of 
pH 2.0), the bulk resistance of the dummy mem- 



148 V. V. Cosofret et al. : Talanta 43 (1996) 143-151 

brane was about 25% less than in the neutral pH 
range. This may be explained by HX extraction 
and by protonation of the PU in the membrane, 
creation of positive sites and anions X- that 
lower the membrane resistance. 

In an asymmetric bathing solution (internal, 
lo-’ M; external, H,O), the impedance plane 
plots consistently showed two semicircles (bulk 
and surface resistances) with the first one approx- 
imately constant (3.2 MR) and the second (sur- 
face resistance) progressively increasing up to 
25 Ma during a 48 h soaking period (Fig. 3). This 
can be explained by the leaching of sites from the 
surface region. 

3.5. Membranes containing a proton carrier 

Addition of ETH5294 chromoionophore I (a 
proton carrier) to fresh, unsoaked membranes, 
decreased initial bulk resistance to about a half, 
and this value remained approximately constant 
during the 48 h soaking period. The second semi- 
circle showed a high resistance for the first 3 h 
and then it decreased dramatically. After 24 h of 
membrane soaking the surface resistance disap- 
peared and was replaced with a Warburg 
impedance (Fig. 4). We can surmise that the 
presence of ionophore and counterions (bound 
together as ChlH+) retains the original mobile 
sites. The ionophore-counterion sites are much 
more hydrophobic species and so are favored in 
the membrane. Extraction of sites into bathing 

Table 1 
Equilibrium water content (EWC%) and loss of plasticizer 
(LP%) from dummy PU-based membranes a 

EWC (%) 
in H,O 
in lo-’ M NaCl 
in lOV’MNaC1 

LP (%) 
in H,O 
in lo-’ M NaCl 
in 10-l M NaCl 

PU:o-NPOE 
membrane 

2.0 
0.9 
0.3 

0.06 
0.18 
0.22 

PU/‘DOS 
membrane 

0.4 
2.2 

5.1 
1.3 
- 

a All values are the averages of two measurements. 

2 a 

1 

2, (Mf9 

2 c 1 

Fig I. Impedance plane plots of a dummy membrane made 
with aliphatic PU and o-NPOE as plasticizer (wt. ratio, 1:2); 
frequency range from 65 000 Hz to 0.1 Hz; symmetric bathing 
solution of 0.1 M NaCI. (a) after 2 h soaking; (b) after 3 h 
soaking; (c) after 4 h soaking. 

solutions as H+Site- occurs from dummy mem- 
branes because partitioning into membranes is not 
highly favored. Thus, our hypothesis that 
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0 
0.3 I 7 24 48 

Time (h) 

Fig. 2. Variation of the bulk resistances of dummy membranes 
(PU-NPOE) during a 48 h soaking period in symmetric elec- 
trolyte solutions. 

H+Site- does extract from dummy membranes is 
realistic. 

The electrode containing the proton carrier 
ETH5294 (Chl) in its PU-based membrane 
showed a linear pH response in the range 4-10, 
but the emf readings were not stable enough for 
practical use, and the electrode drifted badly in 
the alkaline pH region. Subsequent addition of 
potassium tetrakis (p-chlorophenyl) borate had 
three important advantages, namely, increasing 
the stability of potential measurements, reducing 
the membrane resistance and reducing the anion 
interference effect. As shown in Fig. 5, the elec- 
trode with “normal” membrane composition, i.e. 
polymer-plasticizer-ion carrier-lipophilic salt, 

1 n R(bulk)( 

2 7 

Time (h) 

Fig. 3. Variation of the bulk resistance and surface resistance Fig. 5. pH potentiometric response of PU-based membranes 
of a PU-NPOE membrane with soaking time; asymmetric containing chromoionophore I (Chl) as a proton carrier and 
bathing solutions (internal, 10-s M NaCI; external, H,O). lipophilic salt additive (KTpCI PB). 

0.3 1 3 5 7 24 48 

Time (h) 

Fig. 4. Variation of the bulk resistance and surface resistance 
of a PU-NPOE-Chl membrane with soaking time; symmetric 
bathing solutions of 0.1 M NaCI. 

displayed a linear pH response in the range pH 
4- 11, with near-Nernstian sensitivity. The 
impedance plots of “normal” membranes with 
o-NPOE as a plasticizer showed one very small 
semicircle (bulk resistance of about 140 kS1) and 
relative large surface resistance (about 5 MQ) af- 
ter 223 h of soaking in symmetric bathing elec- 
trolyte (0.1 M NaCl). Leaching of the plasticizer 
from the membrane surface region again pro- 
duced site-free surface resistive films which have, 
as a consequence, the appearance of the second 
“kinetic” semicircle. As in the case of dummy PU 
membranes, the size of the second, surface-rate 

0 PlJ-NPOE 

6 

PH 
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Table 2 
Analytical performance of pH sensors based on aliphatic PU 
as matrix and two different plasticizers (H+ carrier: ETH5294 
phenoxazine derivative; salt additive: KTpCIPB) * 

Parameter Electrode I Electrode 2 
(o-NPOE) (DOS) 

pH range 4-11 4-11 
Intercept (mV) 464.7 F 9.8 475.5 + 10.2 
Slope (mV pH-‘) 58.1 57.8 
Bulk membrane resistance (MR) 
(after 24 h soaking in pH 7, Tris) 0.125 13.1 
Selectivity coefficients (-log K,,,) 

Li+ 10.7 10.2 
Nat 10.6 10.4 

K+ 10.6 10.4 
Potential reproducibility (mV) 0.3 1.2 
Drive (mV hh’) 0.05 0.12 

a Data based on four electrodes of each type. 

semicircle depends on the polarity of the plasti- 
cizer as well as on the concentration of the 
bathing electrolyte. The same behavior was ob- 
served with “normal” DOS-based membranes. In 
this later case, the bulk resistance was much 
higher (about 7 MR); the surface resistance varied 
continuously and reached a value of 12.9 MR 
after 24 h soaking time. 

Table 2 lists additional data showing the good 
analytical performance of pH sensors based on 
aliphatic PU as a polymeric matrix. Both poten- 
tial reproducibility and drift were smaller for o- 
NPOE-based relative to DOS-based membrane 
electrodes. These membranes will be investigated 
in planar microsensors for biomedical applica- 
tions and the results reported later. 

4. Conclusions 

This work shows that aliphatic PU contains 
mobile and fixed residual sites which are responsi- 
ble for the H+ and M+ potentiometric response 
of plasticized membranes in the solvent polymeric 
membrane type of sensor. The dummy mem- 
branes (PU-plasticizer) show much better re- 
sponses to H+ than towards alkali and 
alkaline-earth cations. The relatively wide range, 
but sub-Nernstian, pH response of dummy mem- 

branes is attributed to the ion exchange of pro- 
tons into the PU. In the acidic medium, however, 
acid extraction (with anions) produces sub-Nerns- 
tian responses as predicted by theory. The elec- 
trodes with proton carrier-containing membranes 
and added mobile sites show good pH response, 
potential reproducibility and small potential drift. 
Both dummy membranes and “normal” mem- 
branes (containing proton carrier and added sites) 
show, by low frequency impedance measurements, 
surface-rate (so called “kinetic”) semicircles and 
can also show a Warburg impedance which occurs 
when the current is controlled by diffusion of 
different ionic species into the membrane phase. 
Detailed interpretation postulates different extents 
of mobile site extraction depending on the hydro- 
phobicity of the counterion-carrier complex com- 
pared to uncomplexed counterions, as well as 
differing dielectric constants of plasticizers. 
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Abstract 

Chemically modified electrodes based on zeolite-containing graphite pastes were constructed and evaluated as 
sensor electrodes for the voltammetric determination of traces of metallic species in solution. Zeolite molecular sieves 
with pore sizes of 3, 4, 5, and 10 8, were all suitable for chemical deposition and subsequent voltammetric 
quantitation of traces of Cu(II), Cd(II), and Zn(I1). The highest sensitivity was obtained using the zeolite with the 10 
8, pore size. The detection limit obtained for Cu(I1) was 0.3 PM following a 2 min chemical deposition. The detection 
limits for Cd(I1) and Zn(I1) following a 4 min chemical deposition were 87 nM and 145 nM, respectively. The effects 
on the zinc signal of coexisting metallic species in the ammonia deposition medium were studied. While the addition 
of Hg(I1) gave rise to increasing zinc signals, the addition of Ag(I), Cu(II), Cd(II), Ni(II), and Co(I1) resulted in 
decreasing zinc signal amplitudes. Most notably, the magnitude of the interference from these latter metal ions 
correlated well with the coordination numbers of their ammonia complexes. Thus the electrode acted as a device 
which was sensitive to the size and shape of the interfering metal complex. 

Keywords: Chemically modified electrodes: Voltammetric determination; Zeolite 

1. Introduction 

Chemically modified electrodes (CMEs) [ 11 with 
chemically selective groups attached to their sur- 
faces are potentially useful as sensor electrodes in 
electroanalysis, in particular in conjunction with 
electrochemical stripping procedures where they 
offer the possibility for introducing an additional 
dimension of selectivity in the preconcentration 

* Corresponding author. Present address: Depart- 
ment of Chemistry, Arhus University, Langelandsgade 
140, DK-8000 Arhus C, Denmark. 

step [2- 111. In such procedures, the analyte is first 
accumulated on the electrode via a non-electro- 
chemical interaction with the modifier, e.g. a co- 
valent linkage [2], complexation [3-71, or ion 
exchange [8% 111, and is subsequently quantitated 
by a voltammetric approach. Cage structures, 
such as zeolites, which may act as ion exhangers, 
and which may exhibit selectivity according to 
molecular size and shape, offer interesting possi- 
bilities as electrode modifiers [ 12,131. However, 
while several reports on mechanistic studies of 
zeolite-modified electrodes have been published 
[14- 181, only a few workers have investigated the 
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analytical possibilities of such electrodes. Hernan- 
dez et al. [lo] have constructed an Hg(II)-sensitive 
electrode based on a natural zeolite obtained from 
volcanic rock. Furthermore, Wang and Martinez 
[l l] have described the accumulation and voltam- 
metric determination of Ag(1) at a carbon-paste 
electrode modified with the zeolite Linde 4A, with 
an effective pore diameter of 4 A. In the present 
investigation, the possibilities afforded by zeolite 
CMEs with smaller and larger pore diameters 
were studied. The electrodes were constructed us- 
ing graphite paste modified with four different 
zeolites having pore diameters of 3, 4, 5, and 10 
A. Cu(II), Cd(II), and Zn(I1) were chosen as 
target analytes. The study included a series of 
experiments in which suitable experimental condi- 
tions for the determination of the metal ions were 
established, including the composition of the elec- 
trode matrix, and of the solutions for chemical 
deposition, voltage scanning and regeneration of 
the electrode surface. Furthermore, the sensitivity 
and detection limits for the target analytes were 
evaluated. Finally, since the accumulation of 
metallic species in the zeolite cage structure might 
potentially reflect the size and shape of these 
species, experiments were carried out to study 
whether such effects could be observed. 

2. Experimental 

2.1. Apparatus 

Voltammetric measurements were carried out 
using a computerized potentiostat/galvanostat 
(model 273A, EG&G, Princeton Applied Re- 
search with model 270/250 Research Electrochem- 
istry software 4.0). The three-electrode assembly 
included a 50 ml glass cell, a saturated calomel 
electrode, a platinum wire counter electrode, and 
a rotating disk electrode assembly (model 616, 
EG&G, Princeton Applied Research). 

2.2. Equipment, chemicals, and reagents 

Ultrafiltered deionized water (model D 4755, 
Barnstead, USA) was used for all solutions of 
complexing agents and electrolytes. Dilute solu- 

tions (100 mg 1~ ’ or lower) of metal ions were 
prepared daily by dilution from 1000 mg l- ’ 
stock solutions. Before use, flasks and containers 
were soaked in 6 M HNO, for at least 24 h, then 
rinsed with deionized water. Molecular sieves, 
types 3A, 4A, 5A, and 13X ( Union Carbide, 
BDH) were used as received. Extra-pure graphite 
fine powder (Merck), silicone oil DC 350 (Merck), 
DC 710 (Fluka) and nujol oil (Specac, UK) were 
used as bonding agents for the graphite pastes. 

2.3. Preparation of’ electrodes 

Mixtures (1: 1 and 1:2 (w/w)) of the zeolite 
modifier and graphite were prepared in a mortar 
by grinding and mixing 2.5 g portions of zeolite 
molecular sieve pellets with 2.5 g and 5 g of 
graphite powder, respectively. Graphite pastes, 
1:l and 1:2, were prepared from these powders by 
further mixing with silicone or nujol oils; 3 ml and 
4 ml of the oil were added to the 1:l and 1:2 
mixtures, respectively. Plain (unmodified) carbon 
paste was prepared in the same fashion from 5 g 
of plain graphite powder and 3 ml of silicone oil. 
Electrode bodies were made by removing the tips 
from disposable 1 ml polyethylene syringes using 
a razor blade, thus producing tubes (0.5 cm i.d.). 
The CMEs were prepared by filling the tubes with 
modified or plain graphite paste and polishing the 
surfaces on paper until a shiny surface appeared. 
The CMEs were attached to the disk arbor via 
rubber tubing filled with graphite paste using a 
copper wire inserted in both pastes to establish 
electrical contact between the CME and the rotat- 
ing electrode assembly. 

2.4. Analytical procedure 

The analytical procedure included chemical de- 
position of the analyte in question (by exposure of 
the electrode surface to a solution of the analyte), 
transfer of the electrode to the electrochemical 
cell, and vohammetric quantitation of the deposit. 
Furthermore, in order to regenerate the electrode 
surface, the CME was finally exposed to a purg- 
ing solution under open-loop conditions. Prior to 
the voltammetric measurements, the electrolytic 
medium was deaerated for at least 5 min using 
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nitrogen gas which had first been passed through 
a vanadous chloride scrubber solution then 
through 50 ml of the electrolyte solution. During 
the voltammetric measurements, a flow of nitro- 
gen was passed over the electrolytic medium. Sev- 
eral variations of this procedure were evaluated, 
using different materials and media for the above- 
mentioned steps. These included the construction 
of CMEs using representative combinations of 
graphite powder, and the different zeolite molecu- 
lar sieves and bonding agents. Furthermore, the 
effects on sensitivity of a CME conditioning pro- 
gramme were studied. This programme included a 
30 s exposure of the CME to 0.1 M HNO, under 
convective conditions then exposure to blank am- 
monia medium (pH 9) followed by a CME polar- 
ization programme which included at least five 
cyclic scans of the CME potential beginning and 
ending at + 0.6 V and shifting at a vertex poten- 
tial of - 1.2 V. 

The experimental conditions for chemical depo- 
sition and voltammetric quantitation were opti- 
mized for Cu(II), Cd(II), and Zn(I1) separately 
using chemical deposition from and square wave 
voltammetric scanning in several combinations of 
media. Voltammetric scanning was carried out 
first in 0.1 M HNO, mixed with increasing 
amounts of concentrated ammonium hydroxide 
then in Na,HPO,-NaH,PO, buffers. Chemical 
depositions were carried out from dilute solutions 
of the three metal ions in the above-mentioned 
media. Regeneration of the CME after chemical 
deposition and voltage scanning was also at- 
tempted by exposing the CME surface to different 
media including H,O, 0.05 M Na,CO,, HOAc- 
NaOAc (pH 4.2) and 0.1 M HNO, . 

In addition, the effects of variations in the 
square-wave voltage excitation frequency, and 
hence the scan rate, were studied, using constant 
values for the scan increment (2 mV) and for the 
amplitude of the superimposed square wave (50 
mV). Moreover, the suitability of procedures 
which included a constant potential reduction 
step, carried out in unspiked electrolytic medium, 
between the chemical deposition and the voltage 
scanning quantitation was investigated. 

Finally, the effects of Ag(I), Cu(II), Cd(II), 
Hg(II), Ni(II), and Co(II), on the CME accumula- 

tion of Zn(I1) from ammonia medium were stud- 
ied. 

3. Results and discussion 

3.1. Smsitit:ity to Cu(I1) 

The experiments showed that all types of CME 
could be used for the chemical accumulation and 
voltammetric quantitation of Cu(I1). However, 
since the highest sensitivity was obtained using 
silicone oil DC710 and the 1: 1 mixture of graphite 
powder and zeolite 13X, this type of CME was 
chosen for the remaining part of the study. Exper- 
iments also revealed that the highest sensitivity 
was obtained if the CME was conditioned using 
the above-mentioned acid/ammonia/polarization 
programme. Thus the exchange of H + ions (in 
ZO-H+) or NH,+ ions (in ZO ~ NH:) with 
Ct.?+ ions was more efficient than the exchange 
of Na + ions (in ZO -Nat) with Cu2 + ions. Fig. 
1 shows the cyclic square-wave voltammogram 
obtained using the conditioned CME following 
exposure to ammonia buffer spiked with CL?+. 
Analogous experiments with unmodified elec- 
trodes and with unspiked media resulted in fea- 
tureless voltammograms. The most efficient 
accumulation of Cu’ + (judged by the magnitudes 
of the currents resulting from both the reduction 
and oxidation of the copper deposit) was achieved 
for 4 < pH < 8 with a maximum at pH 6. As a 
consequence of these observations, the remaining 
part of the study was carried out with chemical 
deposition from Na,HP04-NaH,PO, buffer (pH 
6). While the reduction of the copper deposit 
invariably gave rise to single peaks, the oxidations 
were typically more complex, with double peaks, 
presumably because of stepwise oxidation (oxida- 
tion states 1 and 2) of the metallic copper gener- 
ated by the reduction. Consequently, the 
reduction signal was chosen for quantitation. 
Since the maximum reduction current was ob- 
tained when ammonia buffer (pH 9) was used as a 
medium for voltage scanning, this medium was 
chosen for the remaining part of the study. The 
experiments also revealed that the analyte deposit 
formed by chemical deposition could be partially 



156 C. Bing, L. Kryger 1 Talanta 43 (1996) 153-160 

‘. 

I I I 1 I 

0.4 0.2 0.0 
i&f, 

0.4 -0.6 
E vs. 

Fig. 1. Cyclic square-wave voltammogram obtained after 1 min open-loop exposure of the CME to ammonia buffer (pH 9) spiked 
with 0.002 M Cu(lI), (solid curve, cathodic scan; broken curve, anodic scan). (Medium for voltammetry, ammonia buffer (pH 9); 
square-wave frequency, 60 Hz; pulse amplitude, 50 mV; scan increment, 2 mV.) 

dissolved by long-term exposure of the CME to 
H,O, to 0.05 M Na,CO,, or to HOAc-NaOAc 
(pH 4.2). However, since a 40 s exposure to 0.1 M 
HNO, removed all evidence of previous chemical 
deposition/voltage scanning cycles, this purging 
solution was used for further experiments, such 
that a single CME surface could be used for 
several deposition/scanning cycles. Experiments in 
which the square-wave frequency was gradually 
increased (10, 20, 30, 60, and 100 Hz) showed that 
the width of the reduction signal increased with 
frequency, leading to poorer resolution. The re- 
duction peak current, on the other hand, initially 
increased and reached a maximum at 30 Hz. 
Going to higher frequencies, and hence to higher 
scan rates, resulted in a gradual decrease of the 
current, presumably due to non-exhaustive reduc- 
tion of the deposit. In view of these observations, 
a frequency of 30 Hz was chosen for the remain- 
ing part of the study. Table 1 summarizes the 
experimental conditions for the determination of 
Cu(I1) thus established. Using these conditions, 
the copper reduction peak current increased with 
deposition time and, as shown in Fig. 2, with 

concentration of Cu(I1). Moreover, when the 
voltammogram obtained after CME regeneration 
(broken curve in Fig. 2) was used as a reference 
baseline, the baseline-corrected signal amplitudes 
obtained in the standard addition experiment cor- 
related well with the added concentrations of 
Cu(I1) (correlation coefficient, 0.9992). The limit 
of detection for a 2 min chemical deposition was 
estimated from eight consecutive analyses of a 
solution which contained 30 ,uM Cu(I1). The 
mean value and 95% confidence limits for the 
analytical signal obtained under these conditions 
were 28.05 ,uA kO.30 ,uA; thus the detection 
limit was estimated as 30 x 0.30128.05 PM, which 
equals 0.3 PM. 

3.2. Sensitivity to Cd(lZ) 

Table 1 gives the experimental conditions for 
the determination of Cd(II), as established by 
optimizing the cadmium signal by variations of 
the media used for chemical deposition and 
voltage scanning. In contrast to the observations 
for Cu(II), no well-developed reduction peak for 
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Experimental conditions for the determination of Cu(lI), Cd(II), and Zn(II) using the modified electrode” 

Experimental conditions cl?+ Cd*+ Zn” 

Deposition medium 
Voltage scanning medium 
CME regeneration medium, time 
Analytical electrode process 
Square-wave frequency (Hz) 

Phosphate buffer, pH 6 
Ammonia buffer, pH 9 
0.1 M HNO,, 40s 
Reduction 
30 

Ammonia buffer, pH 9 
Phosphate buffer, pH 6 
0.1 M HNO?, 40 s 
Oxidation” 
60 

Ammonia buffer, pH 9 
Phosphate buffer, pH 6 
0.1 M HNO,, 40 s 
Oxidation’ 
60 

a Graphite paste composition: 2.5 g graphite powder, 2.5 g zeolite 13X. 3 ml silicone oil DC 710. 
b After reduction of the deposit for 120 s at - 1200 mV. 
’ After reduction of the deposit for 150 s at - 1300 mV. 

the cadmium deposit was observed, regardless of Cd(I1). Moreover, the signal amplitudes obtained 
the combination of media chosen. Consequently, in the standard addition experiment correlated 
the procedure for Cd(I1) was modified to include well with the added concentrations of Cd(U) 
an additional step in which the cadmium deposit (correlation coefficient, 0.9998). The limit of 
was reduced to oxidation state 0 immediately detection for a 4 min chemical deposition was 
after transfer of the CME from the cadmium- estimated from 10 consecutive analyses of a solu- 
containing sample to a fresh solution of elec- tion which contained 600 pug 1-l Cd(I1). The 
trolyte. Quantitation of the analyte was subse- mean value and 95% confidence limits for the 
quently carried out by oxidation of the deposit. analytical signal obtained under these conditions 
Using these conditions, the cadmium oxidation were 1.84 PA + 0.03 PA; thus the detection limit 
peak current increased with deposition time, was estimated as 600 x 0.03/1.84 pg lP ‘, equal to 
and, as shown in Fig. 3, with concentration of 87 nM. 

0.6 0.4 0.2 0.0 -0.2 -0.4 XI.6 0.6 -1 .o 
E vs. SCE(V) 

Fig. 2. Standard addition experiment for Cu(Il). (Chemical deposition time. 5 min.) Curve a, 0.30 mg I - ’ Cu(ll); curve b, 0.50 mg 
I- ’ Cu(I1); curve c, 0.70 mg I - ‘; curve d, 1 .OO mg I- ’ Cu(I1). Broken curve, baseline. 
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-0.5 -0.6 -0.7 -0.8 -0.9 -1 .o -1.1 

E vs. SCE(V) 

Fig. 3. Standard addition experiment for Cd(I1). Concentrations: curve a, 0.2 mg 1 ‘; curve b, 0.4 mg I- ‘; curve c, 0.6 mg I-‘; 
curve d, 0.8 mg I ‘; curve e, 1.2 mg I - ‘; curve f, I .6 mg I- ‘; curve g, 2.0 mg I - ‘. (Chemical deposition time, 5 min; electrolytic 
reduction, 150 s.) 

3.3. Sensititlity to Zn(ZI) 

Suitable experimental conditions for the deter- 
mination of Zn(I1) are given in Table 1. As for 
Cd(II), regardless of the combination of media, no 
well-developed reduction signal was observed for 
the zinc deposit. Therefore the voltammetric quan- 
titation of Zn(I1) was preceded by a reduction 
step, and the oxidation signal was used as the 
analytical response. Using these conditions, the 
zinc oxidation peak current increased with deposi- 
tion time and with concentration of Zn(I1). Fur- 
thermore, the signal amplitudes obtained in a 
standard addition experiment (0.00, 0.20, 0.50, 
0.80, and 1.20 mg 1~ ’ Zn(II), chemical deposition 
for 5 min, electrolytic reduction for 5 min) corre- 
lated well with the added concentrations of Zn(I1) 
(correlation coefficient, 0.9997). The limit of detec- 
tion for a 4 min chemical deposition was estimated 
from 10 consecutive analyses of a solution which 
contained 200 pg 1 - ’ Zn(I1). The mean value and 
95% confidence limits for the analytical signal 
obtained under these conditions were 2.10 PA + 
0.10 ,u A; thus the detection limit was estimated as 
200 x 0.10/2.10 pg ll’, equal to 145 nM. 

3.4. Competing species in the zeolite 
accumulation of Zn(II) 

The zinc signal obtained following a 4 min 
chemical deposition from 1 mg l- ’ Zn(I1) in 
ammonia medium was significantly affected by 
additions of milligram per litre concentrations of 
Ag(I), Cu(II), Cd(II), Hg(II), Ni(II), and Co(I1) to 
the deposition solution. The additions of Hg(I1) 
gave rise to steadily increasing zinc signal ampli- 
tudes, an effect which could be attributed to the 
reduction of Hg(I1) and hence the formation of 
metallic mercury, such that the zinc oxidation 
took place by the oxidation of zinc amalgam. On 
additions of Ag(I), Cu(II), and Cd(II), the zinc 
signal initially increased (compare Fig. 4 for 
Ag(1)). This observation was explained by the 
possibility of the linear Ag(NH,),+, planar 
CWH,E + , and tetrahedral Cd(NH,); + ions en- 
tering the 10 A zeolite pores simultaneously with 
the tetrahedrally coordinated Zn(NH,)i + ion such 
that elemental silver, copper, and cadmium, 
formed during the reduction step, exerted a cata- 
lytic effect on the reduction of the zinc complex. 
However, the overall trend was a decrease in the 
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Fig. 4. Effects of Ag(l) additions on the zinc signal obtained 
following a 4 min chemical deposition from 1 mg 1~ ’ Zn(I1). 

zinc signal. Since the concentrations in the deposi- 
tion medium of the analyte Zn(II) and the inter- 
fering species Ag(I), Cu(II), and Cd(I1) were all of 
the same order of magnitude, and, since the elec- 
trode was transferred to a clean electrolyte 
medium and reduction of the deposits was carried 
out before voltammetric quantitation, Zn(I1) as 
well as the interfering species (e.g. Cd(I1)) existed 
in oxidation state 0, before the anodic potential 
scan was started. Consequently, the decreasing 
zinc signals could not be explained by a simple 

\ 
CO 

Fig. 5. Effects of Co(II) additions on the zinc signal obtained 
following a 4 min chemical deposition from 1 mg I ’ Zn(Il). 

redox exchange (e.g. between Cd(I1) and Zn(O)), 
which would be possible only if voltage scanning 
was carried out in the the bulk of the deposition 
medium. The decrease in the zinc signal and the 
increasing silver signal observed upon the addi- 
tion of Ag(I) were therefore attributed to an 
increasing competition from Ag(NH,)j+ ions for 
available sites in the zeolite. Qualitatively, the 
effects on the zinc signal of the addition of Cu(I1) 
and Cd(I1) were analogous to those observed for 
Ag(1). However, quantitatively, the decreases were 
more pronounced. This latter observation could 
be explained by the increased size of the compet- 
ing ions Cu(NH$+ (planar coordination), and 

WNH,); + (tetrahedral coordination). The 
Ni(NH& + and the Co(NH,)i+ complexes were 
not reducible at the potentials covered in this 
experiment; thus no oxidation signals for nickel 
and cobalt were observed. However, the effects of 
both Ni(I1) and Co(I1) were significant. Most 
notably, as shown in Fig. 5, the addition of 1 mg 
1~ ’ Co(I1) completely eliminated the zinc signal. 
This dramatic effect was attributed to the ability 
of the octahedrally coordinated ions to enter the 
zeolite pores and thereby, because of their size, 
efficiently prevent simultaneous accumulation of 
Zn(NH,)i+ . Figs. 6 and 7 shows the changes in 

t Zn sianal 
30, j.iA ” 

AgIll 
Cu[il) 
Cdlll] 

I 
1 2 3 4 5 mg/l a)dded 

Fig. 6. Erects on the zinc signal (following a 4 min chemical 
deposition from 1 mg I - ’ Zn(II)) of additions of Ag(I), Cu(II) 
and Cd(I1). 
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Fig. 7. Effects on the zinc signal (following a 4 min chemical 
deposition from 1 mg 1-I Zn(II)) of additions of Hg(II), 
Ni(ll) and Co(l1). 

the zinc signal amplitude (obtained following a 4 
min chemical deposition from 1 mg l- ’ Zn(I1)) as 
a result of the addition of the above-mentioned 
species. If expressed as the average percentage 
decrease of the zinc reduction current per FM 
added of the interfering species, the effects of the 
interferences were as follows: Ag(I), 0.65; Cu(II), 
0.93; Cd(II), 2.35; Ni(II), 2.39; Co(II), 3.20. 

Thus, if the metallic species were placed in order 
according to their suppression of the zinc signal, 
the following order was obtained: Co > Ni > Cd > 
Cu > Ag. 

This order was identical to the trend of the 
metal ions when listed according to decreasing 
coordination number with ammonia. Thus the 
results underline the ability of the zeolite modifier 
to discriminate according to size. Conversely, if 
the zinc concentration in the ammonia medium 
and the deposition time were kept constant, and if 
the attenuation of the zinc response was taken as 
the analytical signal, the CME acted as a device 

which was sensitive to the size and geometry of the 
interfering species. 
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Talanta 

Determination of trace nitrite ion in water by 
spectrophotometric method after preconcentration on an 

organic solvent-soluble membrane filter 

Abstract 

A simple and rapid preconcentration technique, based on collecting trace nitrite on a membrane filter and 
dissolving the membrane filter in an organic solvent, has been applied to its spectrophotometric determination in 
water. At pH 2.0. nitrous acid diazotizes with p-aminoacetophenone. which is then coupled with N-(l-naphthyl)- 
ethylenediamine, at the same pH. The azo dye formed is collected on a 0.45 vrn nitrocellulose filter at pH 4.7 as its 
ion associate with dodecyl sulfate. The ion associate and filter are dissolved in a small volume of 2-methoxyethanol 
(methylcellosolve), and acidized with 0.05 ml of 2 M hydrochloric acid and the absorbance of the resulting solution 
is measured at 555 nm against a reagent blank. Detection limits better than 0.1 /lg/dm ’ as NO; can be achieved. 
The ions normally present in water do not interfere when sodium metaphosphate is added as a masking agent. The 
proposed method has been applied to the analysis of water samples from several sources. the recoveries of the nitrite 
added to the samples are quantitative. and results found are satisfactory. 

Ke~~ortls: Nitrite: Photometric determination; Preconcentration; Soluble filter 

1. Introduction 

It has become very important to determine 
trace amounts of nitrite in environmental protec- 
tion, some chemical processes, the food industry 
and hygiene applications. Many reagents for the 
spectrophotometric determination of nitrite at 
very low concentrations have been reviewed and 

* Corresponding author. Fax: (86)10-841-6837 

usually employed with one of the modifications of 
the Griess-Ilosvay reactions [I]. The procedure 
using the Griess-Ilosvay reaction seems to be a 
satisfactory one, but in order to enhance sensitiv- 
ity extraction has been proposed. It was reported 
[2] that nitrous acid diazotizes p-aminoaceto- 
phenone, which is then coupled with m-phenyl- 
enediamine; the 2,4-diamino-4’-acetyl-azobenzene 
formed is extracted into toulene at pH 9, and the 
absorbance measured at 450 nm. The molar ab- 
sorptivity is about 2.3 x IO4 1 mol-‘. An improve- 

0039-9140/96;%15.00 8 1996 Elsevier Science B.V. All rights reserved 
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ment to this extraction system was later suggested 
by Zhou and Xie [3]. It was reported that nitrite 
diazotizes with p-aminoacetophenone at pH 2.0. 
and is then coupled with N-( l-naphthyl)-ethyldi- 
amine; the azo dye formed is further associated 
with P-naphthyl sulfonic acid in acid medium and 
extracted into n-butanol in the presence of alu- 
minium nitrate and salted-out at the same pH; 
the absorbance of the extract is measured at 
555 nm and the molar absorptivity is about 
4.8 x lo4 1 mol-’ cm-‘. 

Though solvent extraction of the nitrite has 
achieved considerable success in increasing the 
sensitivity and improving the detection limit to 
better than 10 ug drn- ‘, the enrichment factor is 
usually limited by the mutual solubility of organic 
solvent and water. It is also especially tedious to 
twice introduce pollution of the solvent. 

Recently, solvent-soluble membrane filters 
(MFs) have been reported for the rapid and sim- 
ple preconcentration of trace components in water 
[4-61. This new pre-concentration technique, 
which is based on collecting the analyte on a 
membrane filter and dissolving the membrane in 
an organic solvent, resembles solvent extraction 
but has many advantages over solvent extraction. 
Maximum possible concentration factors are not 
limited by the mutual solubility of water and 
organic solvent. Concentration factors greater 
than 100 can easiy be obtained. 

In previous studies, this preconcentration tech- 
nique has been used by one of the authors in 
place of solvent extraction for the determination 
of nitrite in water [7]. A ten-fold preconcentration 
(with 50 ml sample volume) can be done in a 
short time (with high sample throughout 
>50 ml min-‘) with a detection limit of 
0.5 ng dm-” as NO;. Nitrite ion is converted to 
4-sulfobenzenediazonium ion and then coupled 
with I-aminonaphthalene to form an azo dye, 
which is collected on a nitrocellulose membrane 
filter as its ion-associate with benzyldimethylte- 
tradecylammonium ion at about pH 4.7. The 
resulting compound is dissolved in methyl-cello- 
solve. 

In the present investigation, the authors devel- 
oped a more sensitive and selective preconcentra- 
tion-spectrophotometric method for trace nitrite 

ion in water samples by applying the principle 
mentioned above. The main improvements on this 
method have been suggested. 

The conditions for the formation of a coloured 
ion associate are similar to those reported in 
earlier work on extraction of nitrite [3]. The vol- 
umes of reagent added are varied in proportion to 
the sample volume. The most attractive features 
of the new pre-concentrated methods are diazotiz- 
ing with p-aminoacetophenone which has a hy- 
drophobic substitutive group, associating with an 
anion surfactant having a long-chain alkyl such as 
sodium dodecyl sulfate and collecting the ion 
associate in a acid medium. Therefore the sensitiv- 
ity and selectivity of the present method are en- 
hanced. The detection limit is 0.1 ug dm-3N0, 
on a 3a basis under loo-fold preconcentration 
(with 500 ml sample volume), and Beer’s law is 
obeyed in the range 0.1 - 1.0 ug NO, in 5 ml of 
solvent with excellent reproducibility. In this pa- 
per optimum conditions of the experiment and 
analytical results are reported. 

2. Experimental 

2.1. Reugents 

Stundurd nitrite solution 
Dissolve 0.492 g anhydrous sodium nitrite 

(dried in desiccator for 4 h) in 100 ml water 
(1 .OO mg nitrogen or 3.28 mg nitrite per ml). Pre- 
pare a working solution by suitable dilution and 
store in a brown bottle in a refrigerator. Stan- 
dardize iodometrically before using. 

p-Aminoucetophenone hydrochloride solution 
Prepare a 0.5% (w/v) solution in 1 + 9 hy- 

drochloric acid, and store in a brown bottle: 
N-( I-naphthyl)-ethylenediamine dihydrochloride 
solution. 

Dissolve 0.5 g N-( 1-naphthyl)-ethylenediamine 
dihydrochloride in 100 ml of 1 + 99 hydrochloric 
acid. 

Sodium dodecyl sulfute solution 
Prepare a 1 .OO x lop3 M aqueous solution. Dis- 

solve 0.288 g sodium dodecyl sulfate in 1 1 water. 
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NO,- 
Diazotiztion 

H+ , 

NH-(CHz)r-NH,+ 

Fig. 1. Azo dye formation from nitrite, p-amino acetophenone and N-( I -naphthyl)-ethylenediamine. 

P-Naphthyl sulfonic acid 0.5% (w/o) 
Dissolve 0.5 g p-naphthyl sulfonic acid in 

100 ml water. Adjust to pH 6.0 with sodium hy- 
droxide solution. 

Sodium metaphosphate solution: 5.0% (w/v). 
Unless stated otherwise, all reagents used are of 

analytical pure grade, and all solutions are diluted 
with nitrite-free water, which is obtained by dis- 
tilling alkaline permanganate-distilled water us- 
ing an all-glass distillation apparatus. 

2.2. Apparatus 

A UV-visible spectrophotometer UV-265 
Model (Shimadzu, Japan), visible spectrophoto- 
meter 723 Model (Shanghai Third Analytical In- 
struments Factory, China), a pH Meter pHs-2 
Model (Shanghai Second Analytical Instruments 
Factory, China) were used. 

Membrane filters and holder: Most of the data 
presented in this paper were obtained with a 
nitrocellulose membrane (25 mm in diameter, 
0.45 pm pore size, Adjective Factory of Chemical 
Engineering College of Beijing, Beijing 100029). A 
Toyo KG-25 filter holder (effective filtration area 
1.3 cm2) was used. 

2.3. Procedure 

Add about 50 ml of sample solution containing 
0.1 - 1 .O pg nitrite-N to a 150 ml beaker. Add 
1 .O ml of p-aminoacetophenone hydrochloride 

solution and adjust to pH 2.0 with either sodium 
acetate solution or hydrochloric acid. After 15 
min standing at room temperature, add 1.0 ml of 
N-( 1 -naphthyl)-ethylenediamine dihydrochloride 
solution and swirl. Add 2.0 ml of sodium dodecyl 
sulfate solution and mix thoroughly again. Filter 
off the ion associate on the membrane filter, and 
wash the membrane with about 10 ml of water. 
Dissolve the filter in 5 ml of 2-methoxyethanol 
and acidize with 0.05 ml 2 M hydrochloric acid. 
Absorbance due to the associate in the solvent is 
measured in a 10 mm cell at 555 nm against a 
reagent blank. 

3. Results and discussion 

3.1. Reactions for colour detlelopment 

In an acidic solution, nitrite reacts with a pri- 
mary aromatic amine to produce diazonium salt, 
which in turn couples with an aromatic amine or 
phenol to form a coloured azo dye. In the orignal 
Griess reaction, sulfanilic acid was used and dia- 
zotized, but the azo compound formed cannot be 
collected quantitatively by the membrane filter 
becauase of the hydrophilic nature of the sulfonic 
group. By using p-aminoacetophenone in place of 
sulfanilic acid [2], the hydrophobic ability of the 
azo compund is enhanced, favouring collection on 
a membrane filter. The reactions for colour devel- 
opment are as shown in Fig. 1. 
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3.2. Absorption spectra 

Absorption maximum of the azo compound 
formed by diazotization of nitrous acid with p- 
aminoacetophenone and its coupling with N-( l- 
naphthyl)-ethylenediamine in aqueous solution is 
543 nm; that of the ion associate in organic sol- 
vent is at 480 nm and that of the species in 
organic solvent after acidation is at 555 nm. All 
absorbance measurements of the extract are made 
at the latter wavelength. Absorption spectra are 
shown in Fig. 2. 

3.3. Selection of counter ion 

In previous work [7] nitrite is converted to 
4-sulfobenzendiazonium ion, which is then cou- 
pled with 1-aminonaphthalene to form an azo dye 
as in the conventional method, and the azo dye 
formed is collected on a nitrocellulose filter as its 
ion associate with a larger cation, benzyl- 
dimethyltetradecyl ammonum ion, at about 
pH 4.7 (acetate buffer). Collection is poor at pH 
lower than 4, where most of the azo dye is in the 
pink, zwitterionic form and the selectivity of the 
reaction is not good. In the present investigation 
the azo dye obtained by diazo coupling with p- 
aminoacetophenone and N-( 1 -naphthyl)-ethylene- 
diamine is protonated in the acidic media as the 

l”lr 
C 

400 500 600 
b. nm 

Fig. 2. Absorption spectra of the azo dye. Nitrite in aqueous 
solution: 1.0 pg per 50 ml. (A) No concentration, pH 2.0. (B) 
Membrane concentration, not acidified. (C) Membrane con- 
centration, acidified. 

cation form. By using a large anion, the dye 
cation can be collected on the membrane filter as 
an ion association complex. Hexoic acid, benzene 
sulfonic acid, naphthyl sulfonic acid and sodium 
dodecyl sulfate were investigated as sources of 
large anions. It was found experimentally that 
sodium dodecyl sulfate is preferable for obtaining 
efficient collection. 

3.4. Effect of pH 

A study of the effect of pH on the relevant 
diazo coupling reaction and collecting on the 
membrane filter disclosed that diazotization of 
p-aminoacetophenone should be carried out in 
acidic solution and a constant and maximum 
absorbance is obtained at pH O-3; in the coupling 
of the diazonium cation with N-(l-naphthyl)- 
ethylenediamine, the coloured compound has a 
constant absorbance in the pH range 1.0-3.0; the 
ion associate of azo dye with dodecyl sulfate can 
be collected on the membrane filter at a pH 
between 1.0 an 5.0 without adjusting that of the 
solution. In practice, when 1 .O ml of p-aminoace- 
tophenone hydrochloride solution is added to a 
sample, the pH becomes about 2.0, it remains 
almost the same even when N-(l-naphthyl)- 
ethylenediamine is added and after adding sodium 
dodecyl sulfate the pH of the aqueous solution is 
about 4-5 (4.7 in practice). In order to minimize 
the effect of foreign ions in diazo coupling a pH 
of 2.0 is preferred. 

3.5. EfSect of temperature 

Diazotization and coupling are usually carried 
out at 0-5°C. However, reactions in this case 
proceed quantitatively at lo-30°C. Therefore the 
reactions may be carried out at room tempera- 
ture. 

3.6. EfSrct of standing time 

A complete diazotization requires at least 5 
min, and the coupling reaction requires 15 min or 
more. The azo compound formed in the aqueous 
phase is stable for at least 2 h, and in the organic 
phase for 24 h. 
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Table 1 
Effect of other factors on formation and collection of azo dye (for 50 ml water sample) 

Variable Tested Optimum Preferred 

Amount of p-aminoacetophenone (ml) 
Amount of N-( 1 -naphthyl)-ethylenediamine (ml) 
Amount of sodium dodecyl sulfate (ml) 
Amount of solvent (ml) 
Volume of washing water (ml) 
Standing time after diazo coupling (min) 
Stirring time after addition of surfactant (min) 

0.1~2.0 0.8~2.0 1.0 
0.1-2.0 0.2-2.0 1.0 
0.5.-3.0 I .5-2.5 2.0 
5 5 5 

IO x (l-5) 10 x (l-3) 10 x 3 
5 10-30 15 
1 .o-4.0 2.0-4.0 3.0 

3.7. Membrane filter for collection 

Several filters of different types and with differ- 
ent pore sizes were examined for their usefulness 
for collecting the azo ion associate with nitrite. 
Nitrocellulose membrane filters are suitable be- 
cause they readily dissolve in 2-methoxyethanol. 
Although any nitrocellulose membrane filter with 
pore sizes between 0.2 and 0.6 pm can be used, 
0.45 pm filters are recommended because of 
their more stable absorbance of colour compound 
and acceptable filtration rate of about 50 ml 
min-‘. 

The analyte on a membrane filter should be 
washed three times with water to decrease the 
reagent blank. 

3.8. Solvent 

Water-miscible organic solvents were tested as 
solvents for the wet membranes. Dimethyl sulfox- 
ide (DMSO), N-N-dimethylformamide (DMF), 
acetone and 2-methoxyethanol readily dissolve the 
nitrocellulose and acetylcellulose membranes, but 
acetone is not recommended because of its high 
volatility. The colour intensity weakens obviously 
and decreases rapidly with time in DMSO and 
DMF. Absorbance of the colour compound is 
almost constant in 2-methoxyethanol for 24 h and 
is recommended as a proper solvent in the deter- 
mination of nitrite. Other water-miscible solvents, 
such as ethanol, methanol and acetonitrile, will 
not dissolve the membrane under normal condi- 
tions. 

3.9. EfJi?cts of other factors 

Other factors, such as the amounts of reagents, 
time etc., recommended for the formation of azo 
dye and its collection on a membrane filter are 
shown in Table 1. 

The volume of aqueous phase can be increased 
to 1000 ml and good concentration is still ob- 
tained on condition that the amount of reagents 
should be increased in proportion to the 50 ml 
water sample. For example, for treating a 250 ml 
sample of water the amount of reagents should be 
increased five fold. For convenience 500 ml sam- 
ple of water is often used. 

3.10. Sensitivity, precision and linear relution 

Table 2 shows that microgram quantities of 
nitrite-nitrogen in 50 ml of sample can be deter- 
mined with satisfactory precision. The lower limit 
of determination (taken as three times the stan- 
dard deviation of the blank) is about 0.002 pg of 
nitrite-nitrogen per 100 ml of sample 

3.11. Precision 

Absorbances of 11 runs for 0.6 pg NO;- 
N(50ml) are 0.423, 0.424, 0.403, 0.417, 0.416, 
0.406, 0.416, 0.406, 0.417. X= 0.415; S= 9.0 x 
10-j; C.V. = 2.17%. 

3.12. Lineur relation 

The regression equation in the range O.l- 
1 .O pg NO; -N is y = - 0.023 + 0.76X with a rela- 
tive coefficient of 0.9997. 
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Reproducibility at direrent nitrite levels1 

Nitrite taken (pg) 
NOT-N 

Concn. of nitrite (pg dm-‘) Absorbance at 555nm 

as N as NO; x 5 RSD (‘%/;I) 

0.2 4.0 13.1 0.121 0.005 3.8 
0.4 8.0 26.3 0.254 0.006 2.4 
0.6 I2 39.4 0.403 0.007 1.7 
0.8 I6 52.6 0.542 0.010 1.9 
1.0 20 65.7 0.636 0.01 I 1.7 

” Volume of sample: 50 cm’: concentration factor: IO: No. of runs: 5. 

Table 3 
Analyses of water samples and recovery of nitrite added to w’ater sample 

Sample Nitrite added 
(pgdm-’ 
as nitrite) 

Absorbance 
at 555 nm 

Ground water 

River w’ater 

Tapwater 
Wellwater 

0 0.270 
13.1 0.419 
26.3 0.554 

0 0.210 
13. I 0.348 
0 0.090 
0 0.434 

3.13. EfSrct of diverse components 

The effect of diverse components on the forma- 
tion of azo dye and collecting of the ion associate 
by membrane filter was examined. In this study, 
the tolerance limit was set as the amount which 
caused an error of f 5% in the recovery of 1 ug of 
nitrite in a 50 ml sample. At the nitrite level no 
interference was found with the following ions 
(where present the amount in milligrams and the 
form in which they were added are given in 
parantheses): Na+ (200, NaCl); K‘ (200, KCl); 
NH; (200. NH,+(Y); Ca’+ (5, CaCl,); Mg*+ (5, 
MgCl,); Sr’ + (2. SrC12); Mn2+ (2, MnSO,); 
Cd’ + (2, CdCl,); Cu’+ (1, CuSO,); Pb*+ (1, 
Pb(NO,)& Zn* + (1, ZnSO,); Hg’+ (0.5 Hg 
(N03)2); Co*- (0.1 CoCl,); MO(W) (0.1, 
Na, Moo,); Al3 + (2000. Al(NO,),); Ga’+ (1, 
Ga(N0,); Cr3+ (1, CrCl,); As(II1) (0.1. 
Na,AsO,); Sb(V) (1, Sb(NO,),); Cl- (500, HCl); 
F- (40, NaF); CH,COO- (30, CH COONa); 
BO, (14. Na?B,O,)i Br- (8, NaBr); f- (1, KI); 

Nitrite found 
(pg dm- ‘, 
as nitrite) 

25.2 
38.2 
49.9 
20.1 
32.1 

9.7 
39.5 

Recovery of nitrite 

bgdm-’ 
as nitrite) 

13.0 
23.6 

12.0 

‘%I 

99 
94 

92 

- 

PO:- (200, (NaPO,),); citrate (30, citric acid); 
tartrate (30, tartric acid). Interfer- 
ence by large amounts of 5 mg or more of Fe’+ 
can be masked by addition of sodium metaphos- 
phate. 

3.14. Application of nuturul water samples 

The proposed method was applied for the anal- 
ysis of river water and groundwater samples 
filtered through a 0.45 urn membrane filter. Table 
3 shows the analytical results of original samples 

and samples to which known quantities of nitrite 
has been added. Recovery of the added nitrite was 
nearly quantitative as shown in this Table. 
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Abstract 

The interaction of dimethyltin(lV) and diethyltin(IV) cations with water and some amino acids and related 
compounds was investigated at 25°C and ionic strength 0.1 M NaNO, using a potentiometric technique. The results 
showed the formation of I:1 and 1:2 (organotin:ligand) complexes and the corresponding stability constants were 
determined. The participation of different ligand functional groups in binding to organotin is discussed. The effect of 
the pK, value of the respective ligand on the stability constant of its complex species was elucidated. The 
concentration distribution of the complexes in solution was evaluated. 

Keywords: Diorganotin(iv); Complexes; Amino acids 

1. Introduction 

A variety of organotin complexes structurally 
related to cis-platin and its derivatives [1,2] have 
been investigated for antitumour properties [3-61. 
Recent studies [7-91 of compounds of the type 
R,SnX,.L, where L is generally a bidentate lig- 
and, have suggested a relationship between their 
antitumour activity and stability. In the case of 
nitrogen-bearing ligands [lo], incresing stability is 
thought to reduce activity by hindering the disso- 
ciation of the ligand that is necessary for binding 
between tin and DNA. In view of this, encourag- 
ing results on the antitumour activity of diorgan- 
otin(IV) complexes with bipyridyl [7] and 2,2’-bi- 
imidazole [I 1] have led us to investigate the solu- 

tion equilibria of organotin complexes. As part of 
our project dealing with the study of metal com- 
plexes of expected antitumour activity [12- 141 
and as a continuation of our previous studies on 
triorganotin(IV) complexes [15- 171, the present 
investigation aims to characterize the complex 
formation equilibria of diorganotin(IV) with 
amino acids and related compounds. 

2. Experimental 

2.1. Muteviuls and reagents 

Dimethyltin(IV) and diethyltin(IV) chlorides 
were received from Alfa Inorganics Chem. Co. 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)0 1708-9 



The ligands used were glycine, alanine, phenylala- 
nine, valine, leucine, serine, proline, hydroxypro- 
line, methionine, histidine.HCl, histamine.2HC1, 
ornithine.HCI, lysine.HCl, bipyridyl and phenan- 
throline.HCl. These materials were supplied by 
Fluka Chem. Co. Carbonate-free sodium hydrox- 
ide stock solutions were prepared by diluting the 
contents of BDH concentrated volumetric solution 
vials. These solutions were systematically checked 
by titration against potassium hydrogen phthalate. 
All solutions were prepared in deionized water. 

2.2. Procedure und meusuring techniques 

(C) 0.02 mol dm ’ organotin(IV) (10 cm3) + 
0.02 mol dm -3 ligand (20 cm3) + 0.40 mol drn-’ 
NaNO, ( 10 cm’). 
The titrations were performed in a special vessel 
described previously [ 191 at 25°C in a purified Nz 
atmosphere. The ionic strength remained almost 
constant during titration, p = 0.1 M. The acid 
dissocation constants of the hgands were deter- 
mined by titrating mixture (A), where the ligand is 
in the protonated form. The stability constants of 
the hydroxo complexes [R,Sn(OH),,] were deter- 
mined by titrating mixture (B). The stability con- 
stants of the organotin(IV) complexes were 
determined by titrating mixture (C). 

Potentiometric titrations were carried out using 
a Metrohm 686 titroprocessor equipped with a 
665 Dosimat (Switzerland). The buffer solutions 
(pH 6.86 and 4.01) based on the NBS scale [18], 
now U.S. National Institute of Standards and 
technology (NIST), were used for calibration. The 
following mixtures (A)-(C) were prepared and 
titrated potentiometrically with sandardized 
NaOH solution: 

The species formed in the systems studied were 
characterized by the general equilibrium process 
(I), while the formation constants for these gener- 
alized species are given by Eq. (2): 

p(M) + Y(L) + r(H) 6 W),, 61, W), (1) 

B = [(W,,(L)<,(H), 1 
I’/’ [MY’[L]“[H]’ 

(A) 0.02 mol dm ’ ligand (10 cm’) + 0.13 mol 
dmp3 NaNO, (30 cm’). 

(B) 0.02 mol dm ~’ organotin(IV) ( 10 cm3) + 
0.13 moldm-” NaNO, (30cm3). 

where M, L and H stand for organotin(IV), lig- 
and and proton respectively. The calculations 
were performed using the computer program 
MINIQUAD-75 [20] loaded on an IBM-4336 com- 
puter. The stoichiometries and stability constants 

Table I 

Formation constants and the maximum proportlons of dimethyltin(lV) (DMT) complexes 

System P (I I” log /rh 

DMT-OH I 0 -I -3.15(0.01) 

I 0 -2 -8.44(0.01) 

Glycine 0 I I 9.61 

0 I 2 11.92 

I 1 0 8.76(0.01) 

I 2 0 15.92(0.02) 
Proline 0 1 I 10.52 

0 I 2 12.03 

I 1 0 9.63(0.01) 

I 2 0 17.77(0.02) 

Alanine 0 1 0 9.69 

0 1 2 1 I .89 

1 I 0 8.83(0.01) 

1 2 0 16.21(0.02) 

Valine 0 I I 9.57 

0 I 2 II.71 

I I 0 8.74(0.01) 

I 2 0 15.99(0.02) 

(continued opposite.) 

c-7) 

II’ 

66 

S“ 

1.0 x 10-h 

‘% proportion 

of species 

86 

81 

PH 

4.3 

6.1 

68 2.7 x 10m7 74 4.2 

76 6.3 

68 3.1x10 i 73 

71 

68 3.1 x 10 -’ 74 

75 

68 2.8 x IO-’ 12 

75 

4.3 

6.3 

4.2 

6.2 

4. I 

6.2 
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Table 1 (continued) 

System 

Leucine 

Serine 

Hydroxyproline 

Phenalalanine 

Methionine 

Histidine 

Histamine 

Lysine 

Ornithine 

Bipyridyl 

Phenanthroline 

P a 

0 

0 

1 
1 
0 
0 
I 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
0 
1 
1 
1 
0 
0 
I 
1 
1 
0 
0 
0 
1 
I 
1 
0 
0 
0 
1 
I 
I 
0 
I 
1 
0 
I 
I 

I 

1 
1 
2 
1 
I 
1 
2 
1 
1 
1 
2 
I 
I 
I 
2 
1 
1 
1 
2 
I 
1 
1 
1 
1 
2 
1 
I 
I 
1 
2 
1 
1 
1 
1 
I 
2 
1 
1 
1 
1 
I 
2 
1 
I 
2 
I 
I 
2 

r, 

1 9.76 
2 10.22 
0 9.04(0.01) 
0 16.44(0.02) 
I 9.14 
2 11.40 
0 8.37(0.01) 
0 15.ll(O.O2) 
I 8.97(0.02) 
2 11.18(0.03) 
0 8.28(0.01) 
0 14.84(0.02) 
1 9.12 
2 11.12 
0 8.25(0.01) 
0 15.01(0.02) 
1 9.10 
2 11.09 
0 8.22(0.01) 
0 14.96(0.02) 
I 9.53 
2 15.81 
3 17.81 
0 10.38(0.02) 
I 15.33(0.01) 
0 l&83(0.02) 
1 9.86 
2 15.93 
0 10.21(0.01) 
1 15.32(0.01) 
0 16.67(0.01) 
1 10.73 
2 20.00 
3 22.14 
0 14.04(0.03) 
I 19.35(0.02) 
0 18.52(0.03) 
1 10.58 
2 19.44 
3 21.39 
0 13.50(0.03) 
I 18.78(0.03) 
0 18.19(0.02) 
I 4.42 
0 4.1 g(O.03) 
0 7.68(0.03) 
1 4.96 
0 4.39(0.02) 
0 7.94(0.02) 

n’ 

68 

68 

68 

68 

68 

68 

66 

68 

68 

68 

68 

Sd 

2.8 x lO-7 

2.6 x IO-’ 

2.9 x IO-’ 

3.0 x low’ 

3.0 x lo-’ 

5.0 x lo-* 

2.7 x IO-’ 

1.3 x lo-’ 

1.2 x IO-’ 

7.4 x lo-’ 

3.6 x IO-’ 

‘%I proportion 
of species 

PH 

76 4.2 
74 6.2 

76 4.2 
77 6.2 

77 4.1 
73 6.3 

72 4.2 
75 6.2 

71 4.3 
16 6.2 

74 5.6 
82 4.1 
75 7.0 

72 5.8 
82 4.1 
61 6.9 

99 7.3 
84 4.2 
62 9.8 

99 7.4 
84 4.2 
67 9.5 

50 
51 

55 
51 

3.1 
4.1 

3.6 
4.1 

a The symbols p, q and r are the stochiometric coefficients corresponding to organotin(IV), ligand and H+ respectively. 
b Standard deviations are given in parentheses. 
C Number of data points. 
d Sum of square of residuals. 
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Table 2 
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Formation constants and the maximum proportions of dimethyltin(IV) (DMT) complexes 
- 

System 

DMT-OH 

Glycine 

Proline 

Alanine 

Valine 

Leucine 

Serine 

Hydroproline 

Phenylalanine 

Methionine 

Histidine 

Histamine 

Lysine 

Ornithine 

Bipyridyl 

Phenanthroline 

P 4 

1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0 
0 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
1 
2 
1 
I 
2 
1 
1 
2 
1 
1 
2 
1 
2 
1 
2 

r 

-1 
-2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
1 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
0 

log B 

-3.23(0.01) 
-8.90(0.01) 

8.76(0.02) 
15.61(0.03) 
9.50(0.01) 

17.18(0.02) 
8.78(0.01) 

15.75(0.02) 
8.70(0.02) 

15.57(0.03) 
9.01(0.01) 

16.04(0.02) 
8.30(0.01) 

14.71(0.02) 
8.23(0.01) 

14.43(0.02) 
8.18(0.01) 

14.57(0.02) 
8.20(0.01) 

14.53(0.02) 
10.03(0.02) 
15.23(0.01) 
16.37(0.02) 
9.77(0.01) 

16.07(0.01) 
15.17(0.01) 
13.56(0.03) 
19.22(0.02) 
I S.OO(O.03) 
13.05(0.03) 
18.68(0.02) 
17.66(0.03) 

3.97(0.02) 
7.51(0.02) 
4.56(0.02) 
7.83(0.05) 

of the complexes formed were determined by try- 
ing various composition models for the system 
studied. The model selected was that which gave 
the best statistical fit and which was chemically 
consistent with the titration data without giving 
any systematic drifts in the magnitudes of various 
residuals, as described elsewhere [20]. The fitted 
model was tested by comparing the experimental 
titration data points and the theoretical curve 
calculated from the values of acid dissociation 
constants of the ligand and formation constants 

- 

66 

66 

68 

68 

68 

68 

68 

68 

68 

68 

68 

66 

6X 

6X 

6X 

68 

3.7 x 1o-7 

1.2 x lo-’ 

2.5 x lo-’ 

2.3 x 10m7 

9.9 x 10-a 

2.4 x lo-” 

2.4 x lO-7 

2.7 x 10-7 

2.4 x lo-’ 

1.9 x 10-7 

4.6 x lo-’ 

2.6 x l0-R 

1.3 x lo-’ 

9.5 x lo-* 

3.4 x lo-’ 

8.1 x lo-’ 

n s 

- 

‘%I proportion 
of species 

89 
86 
80 
73 
79 
83 
79 
79 
80 
73 
81 
79 
80 
77 
83 
79 
80 
79 
80 
79 
67 
84 
72 
65 
84 
61 
99 
87 
61 
99 
87 
65 
44 
51 
68 
43 

PH 

4.4 
6.6 
4.3 
6.5 
4.5 
7.0 
4.3 
6.8 
4.4 
6.4 
4.3 
6.8 
4.4 
6.7 
4.4 
6.8 
4.5 
6.8 
4.4 
6.X 
5.8 
4.1 
7.0 
5.9 
4.3 
7.0 
8.2 
4.5 
9.9 
7.8 
4.4 
9.6 
3.2 
4.2 
3.7 
4.8 

of the corresponding complexes. Tables 1 and 2 
list the stability constants together with their stan- 
dard deviations and the sum of the square of 
residuals as output by the program MINIQUAD-75. 

3. Results and discussion 

The acid dissociation constants of the ligands 
were determined under the same experimental 
conditions of ionic strength and temperature 
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1.0 2.0 3.0 L.0 5.0 6.0 7.0 

PH 

Fig. 1. Concentration distribution diagram for the dimethyltin(IV)-OH system. 

which are used for the study of organotin(IV) 
complex equilibria. The results obtained are in 
good agreement with literature values [21]. 

The acid-base chemistry of diorganotin(IV) 
has been characterized by fitting the potentiomet- 
ric data (mixture B) to various acid-base models. 

“.” 1.” 20 

Moles of base per InOk of dlethyh" I I") 

Fig. 2. Potentiometric titration curves in diethyltin(IV) 
glycine system: (1) Glycine; (2) I:2 DET-glycine. 

The fitted model, according to the aforementioned 
method of calculation, was found to be consistent 
with the mono- and dihydroxo-organotin(IV) 
PWWW,, where n = 1 and 21. The concentra- 
tion distribution of the hydroxy-species is shown 
in Fig. 1. 

The potentiometric tritation curve of a solution 
mixture of dimethyltin(IV) and glycine (mixture 
C), taken as a representative, is given in Fig. 2. 
The curve starts at pH 3.2 and passes two inflec- 
tions at a = 1 and a = 2 (a is the number of moles 
of base added per mole of organotin(IV)), corre- 
sponding to the formation 1:l and 1:2 complex 
species respectively. 

Diorganotin(IV) compounds form complexes 
with various structural geometries. It was con- 
cluded that the trigonal bipyramidal tin environ- 
ment [22] characterizes the diaorganotin(IV)- 
mercaptocarboxylato complexes. It was demon- 
strated that 2-(arylazo)pyridine [23] and a- 
diketones [24] form octahedral complexes with 
diorganotin(IV). Seven-coordinate pentagonal 
bipyramidal tin stereochemistry [25] was observed 
in the 1: 1 adduct of diphenyltin(IV) with 
triphenylphosphine. Accordingly, it is assumed 
that tin has an octahedral configuration with an 
equatorial alkyl group. The amino acid coordi- 
nates via the amino nitrogen and carboxylate 
oxygen atoms in the axial position. It should be 
mentioned that the carboxylate group may bind 
as bidentate [22,26]. However, if the amino acid 
interacts with diorganotin(IV) by the two car- 
boxylic oxygen atoms, leaving the amino group 
non-coordinating, the amino group will be proto- 
nated. However, the fitted model, in this investi- 
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Fig. 3. Relation between pK, value of the ligand and log b 
value of the complex. 

gation, is found to consist of the deprotonated 
complex only. This reveals that the amino group 
is not free and is involved in the complex forma- 
tion with R,Sn(IV). 

Further studies are needed to support the struc- 
tural elucidation of the coordination geometry of 
the organotin(IV) complexes, e.g. the crystal 
structure of the solid complexes. However, such 
studies are not yet available and will be consid- 
ered in the future. 

The amino acids methionine and serine have 
extra binding centres on the thioether and /3-alco- 
holato groups. The thioether group in methionine 
[27] and P-alcoholato group in serine [28] were 
reported to participate in transition metal ion 
complex formation. The stability constants of 
organotin(IV) complexes of serine and methionine 
are in fair agreement with those of other amino 
acids studied, if the difference in the acid dissocia- 
tion constants of the amino acids is considered. 
This indicates that serine and methionine chelate 
diorganotin(IV) as substituted glycinates. 

Histidine is a tridentate ligand that has amino, 
imidazole and carboxylate groups as metal ion 

binding sites. With metal ions having a square- 
planar coordination sphere, for steric reasons, 
only two of the three binding sites [29,30] i.e. 
either histamine-like or glycine-like complexes 
have to be formed. With regard to the protonated 
complex of histidine the question arises as to 
where the proton is located? This problem has 
been discussed by considering the acid dissocia- 
tion constant of this species, given by Eq. (3) [15]: 

pKH = log K;,, - log KKL (3) 

The values of pK” are 4.95 and 5.20 for dimethyl- 
and diethyltin(IV) complexes respectively. These 
values compare favourably with the acid dissocia- 
tion constants of the imidazole residue of histidine 
(pK” = 6.28) if the increase in its acidity as a 
result of organotin(IV) complex formation is con- 
sidered. Furthermore, it should be recognized that 
the stability constants of the deprotonated com- 
plexes of histidine are in fair agreement with the 
stability constants obtained for the other amino 
acid complexes. This provides further support 
for the view that histidine coordinates to organ- 
otin(IV) in an amino acid-like form. Lysine and 
ornithine may coordinate as bidentate ligands ei- 
ther by (N, N) or (N, 0) donor sets. The stability 
constants of their complexes are higher than those 
of cc-amino acids by about four logarithmic units. 
This may indicate that lysine and ornithine 
chelate by the (N, N) donor set. 

It is reported that for metal complexes with a 
series of structurally-related ligands, a linear rela- 
tionship holds between the stability constant of 
the complex and the acid dissociation constant of 
the ligand [31]. The importance of these plots is 
that they afford a means of estimating the stabili- 
ties of complexes that have not yet been studied. 
Fig. 3 demonstrates a relationship between log p, 
and log ,!J2 for the diethyltin(IV) complexes of 
x-amino acids. Lysine and ornithine complexes do 
not fall on these straight lines, providing further 
evidence for their different mode of coordination. 

It is found (Tables 1 and 2) that the dimethyl- 
tin(IV) complexes are more stable than the corre- 
sponding diethyltin(IV) complexes. This is ex- 
plained in terms of steric crowding between the 
ethyl group and the incoming ligand. 
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The concentration distribution diagrams in 
terms of formation precentage as a function of 
pH were obtained for complexes formed in solu- 
tions, using the program SPECIES [32]. The maxi- 
mum percentages of formation of the various 
complexes given in Tables 1 and 2 are obtained 
under the prevailing experimental conditions. In 
all the species distributions the concentration of 
the complexes increases with increasing pH, thus 
making R,Sn(IV) biologically available in the 
physiological pH range. 
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Abstract 

Derivative spectrophotometry was applied to solid-phase spectrophotometry in order to enhance its sensitivity and 
remove the large background noise caused by the absorption of the resin layer itself, and avoid the necessity of 
preparing a blank. The determination of micro-amounts of molybdenum (at the ng ml - ’ level) with pyrocatechol 
violet to form a 1: 1 blue complex in acid medium, which is fixed on a dextran-type anion-exchange resin (Sephadex 
QAE-A-25) is described as an example of the application of this technique. The absorbance of the resin, packed in 
a 1 mm spectrophotometric cell, was measured directly. The characteristic peak amplitude of the signal at 716 nm in 
the first-derivative spectra is useful for quantitative determination of molybdenum (2-8 ng ml ~ ‘; RSD = 4, 30”%) in 
natural and industrial water samples, plant tissues and soil extracts. 

Keywords: Solid-phase spectrophotometry; Derivative spectrophotometry; Pyrocatechol violet; Molybdenum determi- 
nation; Natural water; Industrial water; Plant tissues; Soil extracts 

1. Introduction teria. As either a deficiency or an excess of molyb- 

Molybdenum is an essential element in plants, 
having important biochemical functions in nitrate 
reduction, biosynthesis of nucleic acids and bio- 
chemical processes related to the fixation of 
molecular nitrogen by micro-organisms and bac- 

*Corresponding author. 

denum can cause damage to plants, its routine 
control is highly recommended for healthy plant 
growth. 

Molybdenum is also present in soils and waters 
[1,2], but generally at lower levels than in plants. 
Therefore, very sensitive and accurate methods 
for its determination are required, which are cru- 
cial to the understanding of the status and fate of 
MO in the environment, and for the detection of 

0039-914Oj96jS15.00 0 1996 Elsevier Science B.V. All rights reserved 
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MO pollution in order to take timely control 
measures. 

The spectrophotometric methods most com- 
monly used for the determination of MO require a 
previous step of pre-concentration. Generally, ion 
exchangers and other solid supports are used for 
pre-concentration, but the analyte has to be eluted 
if a spectrophotometric method is going to be 
employed and consequently an undesirable dilu- 
tion is carried out. When spectrophotometry is 
used in combination with a solid phase, the ana- 
lytical signal being provided by direct measure- 
ments of the absorbance of the species of interest 
sorbed on the solid support (solid-phase spec- 
trophotometry, SPS), a large increase in sensitiv- 
ity is achieved [3-81. This operating technique 
proposed by Yoshimura et al. [9] was later applied 
using spectrofluorimetry [lo- 131. The large back- 
ground produced because of strong absorption of 
the solid phase could be avoided by using deriva- 
tive solid-phase spectrophotometry (DSPS). This 
technique has been applied to the determination 
of both inorganic and organic compounds, but 
there are only a few cases cited in the literature 
[14&17]. 

In this paper, we propose a method for the 
determination of MO at trace level by DSPS using 
pyrocatechol violet (PV) as a chromogenic 
reagent. The derivative signal of the blank is zero 
at the measurement wavelength; hence, the neces- 
sity of preparing a blank is avoided, reducing 
both the amount of work and the time required 
for carrying out the analysis. 

2. Experimental 

2. I. Reagents 

All chemicals used were of analytical grade and 
the water was doubly distilled. 

Molybdenum(V1) standard solution 1 .OOO f 
0.002 g l- ’ was prepared from a Titrisol Merck 
solution of (NH,),Mo,O,,. 6H,O in 0.7% aqueous 
NH,. Solutions of lower concentration were pre- 
pared by dilution with doubly distilled water. 

The ion exchanger was a Sephadex QAE A-25 
(Aldrich). Anion-exchange resin was used in the 
chloride form and without pre-treatment. 

Buffer solutions of pH 2.9 were prepared by 
dissolving 20.0190 g of KHphthalate in 1000 ml 
of doubly distilled water containing 257 ml of 0.2 
M HCl solution. 

PV solutions of various concentrations were 
prepared by dissolving analytical grade PV 
(Aldrich) in water. 

2.2. Apparatus 

A single beam GBC 911 microcomputer-con- 
trolled UV/vis spectrophotometer, from GBC Sci- 
entific Equipment Ply Ltd. which can store as 
many as 32 spectral scans and 15 operating pro- 
grams, with 1 mm glass cells was employed for all 
spectral measurements. The GBC 9llA UV/vis 
spectrophotometer was connected to a BRAVO 
AST/30 286 microcomputer by means of a serial 
port. The GBC SCAN MASTER V 1.62 and 
Data Leader Software (Beckman) were used for 
data acquisition and treatment. The spectra were 
recorded at a scan rate of 250 nm min- ‘. A 
COMX PL80 plotter was used for graphical rep- 
resentations. The pH measurements were made 
using a Crison Model 2002 pH-meter fitted with a 
glass-saturated calomel electrode assembly and a 
temperature probe. An Agitaser 2000 rotating 
bottle agitator was also used. 

2.3. Absorbance und jirst-deriwtiue signal 
mrusuremmts 

The absorbance (really attenuation) of the com- 
plex species sorbed on the resin (when the normal 
zero-order absorption spectra of the complex were 
used) was measured in a 1 mm cell at 663 nm 
(corresponding to the absorption maximum of the 
coloured species) and 800 nm (the wavelength at 
which the sample species no longer absorbs). The 
net absorbance for the complex was calculated as 
in a previous report [3]. 

The first-derivative spectra were recorded; in 
this case only a single wavelength was required for 
carrying out the measurements. The negative peak 
height at 716 nm is related to the concentration of 
Mo(V1). 



2.4. Procedures 

(I) A 100 ml water sample containing between 
10 and 80 ng ml- ’ of Mo(VI) was transferred 
into a 1 1 polyethylene bottle, and 5 ml of 7.76 x 
10 - 5 M PV, 15 ml of pH 2.9 KHphthalate/HCl 
buffer solution (Cr = 0.2 M) and 30 mg of Sep- 
hadex QAE A-25 resin were added. The mixture 
was stirred for 30 min, the resin beads collected 
by filtration and the resin slurry transferred to the 
spectrophotometric cell with the aid of a pipette. 
For absorbance measurements, a blank was re- 
quired and values were obtained as indicated 
above. The signals of the first derivative were 
measured as described above. 

The calibration graph was constructed in the 
same way using molybdenum solutions of known 
concentration. 

(II) A 500 ml sample solution containing 5- 18 
ng ml - ’ of Mo(VI) was transferred into a 1 1 
polyethylene bottle, and 5 ml of 2.06 x 10 -’ M 
PV solution, 75 ml of pH 2.9 KHphthalate/HCl 
buffer solution and 30 mg of Sephadex QAE A-25 
resin were added. The agitation time was 1 h, 
operating as indicated in the above procedure. 

(III) To a 1000 ml sample solution containing 
2-8 ng mll’ of Mo(V1) (placed in a 2 1 
polyethylene bottle) was added 10 ml of 1.29 
x 10 ~ 4 M PV solution, 150 ml of pH 2.9 KHph- 
thalate:‘HCl buffer solution and 30 mg of ion 
exchanger. The mixture was agitated for 2 h, in 
the same way as in the above procedures. 

2.5. Trru tmm t of’ sunlples 

Wutrrs 
Natural and industrial waters were filtered 

through a filter with a pore size of 0.45 /lrn 
(Millipore), and the analyses were performed im- 
mediately. The usual general precautions were 
taken to avoid contamination. 

Vegetul tissue 
Potato leaves were picked during the flowering 

period. The sample comprised the third or fourth 
leaves from the apex [18]. It was immediately 
dried in a forced draft oven for 24 h at 65°C to 
prevent decomposition or weight loss. After the 

sample had been divided into pieces and ground 
with a small mill. a suitable portion was weighed 
(9 g dry material) into a quartz crucible; mineral- 
ization was carried out by heating slowly to 450°C 
over 2 h and holding at this temperature for other 
2 h. The ashes were wetted down carefully with a 
fine stream of doubly distilled water, followed by 
the addition of 1 ml of concentrated HCl and 
heating until the first vapours were formed. The 
solution was filtered through Whatman no. 42 
paper over a 25 ml standard flask. The filter paper 
was stored in a quartz crucible and heated in a 
furnace for 30 min at 550°C. The ashes were then 
treated with 5 ml of HF in a teflon crucible, taken 
to dryness, and finally 1 ml of concentrated HC1 
and warm water were added. The solution was 
filtered through Albet no. 242 paper in the same 
25 ml standard flask and made up to volume with 
distilled water. 

Soil rstrcicts 
A sample of soil was taken from O-20 cm depth 

in the University Campus of Jaen. 50 g of sieved 
and air-dried material were weighed and placed in 
a 200 ml polyethylene bottle, adding 100 ml of 
water. After 12 h agitation, the solution was 
filtered through Albet no. 242 paper. 

3. Results and discussion 

3. I. Spectrd iharac~trristic~s 

((I) Zrro-order spcctrtr 
PV reacts with Mo(V1) in solution to give a 

chelate that is fixed on Sephadex anion-exchange 
resin, showing an absorption maximum at 663 nm 
and a green or blue colour (depending on the 
amount of reagent sorbed on the resin). PV is also 
fixed on Sephadex QAE A-25. showing a sharp 
absorption peak (basic medium) at about 630 nm 
(540 nm in solution); this peak disappears when 
the pH decreases to about 3. The spectra of the 
complex in solution and the solid phase are shown 
in Fig. 1. A strong increase in sensitivity in the 
solid phase compared to in solution can be seen. 
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(b) Deriwticr spectru 
Derivative spectra of different orders were ob- 

tained from stored zero-order spectra using nu- 
merical differentiation with the program GBC 
SCAN MASTER V 1.62, being selected as more 
appropriate for the determination of first-order 
spectra. A scan speed of 250 nm min- ’ was 
selected after verifying that this parameter did not 
influence the intensity or shape of the derivative 
spectra. A smoothing function was used in order 
to reduce the noise levels in the derivative spectra. 
This function was based on the SavitzkyyGolay 
method [ 191. The first-derivative spectra were 
smoothed using 25 experimental points. 

The influence of the Air, value on the derivative 
spectra was tested between 0.5 and 11.5 nm. 5.7 
nm was considered as suitable for the first-deriva- 
tive spectrum. 

Using the zero-crossing technique, we can avoid 
the necessity of preparing a blank by measuring 
the signal at ‘D,,h,O (ID,,,,, = 0 for blank). 

“O r-----i 

So0 700 so0 
WAVELENGTH(m) 

Fig. I. Net absorption spectra of the Mo(VI)-PV complex: 
(A) on the resin (resin as reference), [Mo(VI)] = 1.04 x IOeh 
M, [PV]=6.47 x 10W6 M, pH 2.9, 100 ml sample, 30 mg 
resin. I mm glass cell; (B) in aqueous solution, [MO(W)] 
=6.25x IO-’ M. [PV]=6.OOx IO-’ M, pH 2.9. IO mm 
glass cell. 

The optimum pH for the formation and fixa- 
tion of the species was found within the range 
2.5-3.0. The values of the first-derivative signal of 
the blank can be considered as zero at pH 3; at 
pH values above 3.0 this signal increases signifi- 
cantly. A 0.03 M concentration of pH 2.9 KHph- 
thalate/HCl buffer was selected to obtain an 
adequate buffering capacity. The working wave- 
length selected was 716 nm corresponding to a 
maximum value of the first-derivative signal. 

The effect of PV concentration was studied for 
100 ml, 500 ml and 1000 ml samples, and the 
optimal values found were 3.88 x 10mh M, 2.06 x 
lo- ’ M and 1.29 x lop6 M for a PV to molybde- 
num ratio of about 12, 16 and 16 respectively. 

The optimum stirring times were 30, 60 and 120 
min for 100. 500 and 1000 ml respectively. 30 mg 
of resin, the amount required to fill the cell and 
ease handling, was used in all measurements. The 
fixed complex was stable for at least 16 h after 
equilibration. 

3.3. Nuturr und distribution of’ the ,jixrd complex 

The stoichiometry of the complex formed and 
sorbed on the resin at pH 2.9 was studied by the 
methods of Asmus and Job. In both instances, the 
ligand to metal ratio found was 1:l. This result 
agrees with that found in the literature [20]. 

The global complex&ion-fixation process can 
be represented by the following scheme: 

MOO; + +H,L- + MoO,HL- + 2H+ 

(complexation process) 

MoO,HL + Cl;;; R”‘+ = 

MoOzHL Cl!‘:,- ,I) R”’ + + Cl - 

(fixation process) 

Mo02+ +H L- +C1"'-R"'+ > 
2 3 1>1 

Moo 2 HL ~ Cl’“‘:,” ~ R”’ + + Cl ~ + 2H + ,I, 

(global process) 



Volume of sample system 

Parameter 100 ml 500 ml 1000 ml 

Intercept -2.11 x IO i 
Slope 3.064 x IO J 
Linear dynamic range (ng ml ‘) IO SO 
Correlation coefficient 0.9999 
Detection limit (ng ml ‘) [26] 0.1 I4 
Quantification limit (ng ml ‘) [27] 0.377 
RSD (‘%I) 3.52 

-4.986 x 10 ’ -5.031 x IO i 
1.602 x IO- ’ 2.605 x IO ’ 
5 IS 2 8 
0.997 I 0.9979 
0.032 0.024 
0.107 0.080 
3.14 4.30 

The distribution ratio of the complex was deter- 
mined and an average value of D = (4.9 k 
0.2) x lo5 ml g ’ was obtained from four repli- 
cate experiments, 

4. Analytical parameters 

The linear dynamic ranges of the calibration 
graphs of the first-derivative signal and the repro- 
ducibility (RSD%). for each proposed method, 
are shown in Table 1. It is noticeable that the 
system does not rigorously follow Beer’s law. as a 
threshold concentration seems to exist below 
which there is no signal. We can verify that this 
also happens in the solution method. Other ana- 
lytical parameters are shown in Table 1. It can be 
observed that the values of the limit of detection 
(LOD) and limit of quantification (LOQ) are 
lower than those reported by Vilchez et al. [13] for 
the determination of MO by solid-phase spec- 
trofluorimetry, and similar to those found by us 
for other elements by SPS [3,6.7]. Nevertheless, 
the LOD and LOQ values shown in this table are 
really apparent due to the mentioned threshold 
concentration. Consequently, in practice, these 
values should be increased in the corresponding 
threshold concentration. i.e. 6.89, 3.11 and 1.93 
ng ml-’ for 100, 500 and 1000 ml respectively. 

The sensitivity, expressed as apparent molar 
absorptivity. of the proposed methods was com- 
pared with that of spectrophotometric procedures 
(including extractive procedures and formation of 
ternary complexes with surfactants) described in 
the literature [21-241. Whereas the sensitivity of 

these methods is between 1.60 x lo4 and 1.3 x lo5 
1 mol-’ cm-‘, the procedures proposed in this 
paper offer a sensitivity lo’- lo4 higher than these 
and also higher than another method of determi- 
nation of MO by SPS [25]. 

This effect is expected to be more intense when 
the distribution ratio has a high value. In our 
case. D is especially high (4.89 x lo5 ml g- ‘). 
Hence, the increase in sample volume will produce 
an increase in sensitivity if the amount of resin 
stays constant. Thus. one of the main advantages 
of SPS methods is the potential increase in sensi- 
tivity with an increase in the sample volume taken 
for analysis. This effect can be calculated by mea- 
suring the first-derivative signal of resin equili- 
brated with different volumes of solutions 
containing the same concentration of Mo(VI) and 
proportional amounts of the other reagents. Fig. 
2 shows that the signal increases with sample 
volume up to a value of 1500 ml and becomes 

110 

J 

50” ,500 

Volume (mL) 

Fig. 2. Influence of the sample volume on colour development. 
[Mo(Vt)]= 1.04 x IO-’ M. [PV]=3.88 x IO -’ M, pH 3, 30 
mg resin. 



pliable 7 
Etfect of foreign ions on the determination of 50 ng ml-’ of 
molybdenum 

Foreign ion Tolerance level (ng ml ‘) 

so,: 2000 
NO, 1500 
Ca’ +, PO,’ IO00 
F 900 
Al“. EDT.4. Zn’-. Mn” 500 
cu2+ 300 
ME” 250 
Cl 100 
W” + 25 
Fe’+ 5 

independent of the volume at higher values. as 
usually found in SPS. 

The increase in sensitivity with increase in vol- 
ume of the sample can be calculated from the 
slope of the calibration graphs. The calculated 
values of the sensitivity ratio (S) for the samples 
analysed in this paper are S,, ,,,,, ,,lo = X.5, S,,,,,,, 
500 = 1.62 and S5(,,, ,,,,, = 5.23, where the sub- 
scripts represent the sample volume (ml). 

A detailed study of interference effects on the 
determination of molybdenum at the 50 ng 
ml ’ level was carried out following the general 
procedure for a 100 ml sample system. A maxi- 
mum level of potentially interfering ions of 2000 
ng ml-’ was tested. Ions were considered as 
non-interfering when they produced an error of 
less than 5% in the determination of analyte. 
The tolerance limits for the ions studied are 
summarized in Table 2. The most severe inter- 
ference was caused by iron and tungsten. The 
latter causes a positive error because tungsten 
forms a complex with PV that absorbs at the 
wavelength used in the procedures. With respect 
to Fe(III), the interference could be suppressed 
by using 1, IO-phenanthroline after reduction to 
Fe(I1) with hydrogen in acidic medium. The 
cationic complex Fe(II)-phenanthroline re- 

mained in solution and was not absorbed onto 
the anionic resin. 

The proposed method was applied to the 
determination of molybdenum in natural and 
industrial waters, vegetal tissues and a soil ex- 
tract. 

As representative samples of natural waters, we 
selected tap water from the JaCn city supply 
(higher ionic content) and natural water from 
Ortigosa del Monte (Segovia) (lower ionic con- 
tent). The molybdenum content in all waters 
was lower than the detection limit of the most 
sensitive proposed method in this paper (1000 
ml). 

A recovery study was therefore carried out. 
The mean percentage recovery obtained for Or- 
tigosa del Monte water was 97.8 for a 500 ml 
sample volume, and for tap water was 98.3, 98.3 
and 97.1 for 100, 500 and 1000 ml sample vol- 
umes respectively. 

The results obtained for an industrial water 
from a manufacturer of steel (Insisur S.A.), 
potato leaves and soil extracts are summarized 
in Table 3. A matrix effect was found in Insisur 
S.A. water and soil extracts which was evaluated 
by the ratio of slopes between the standard and 
standard-addition calibration graphs, found to 
be 0.91 and 0.69 respectively. 

The average value of the molybdenum content 
in potato leaves and soil extracts referred to the 
original sample was 0.47 mg kg ’ (0.51 mg kg- 
I by EAAS) and 235 /lg kg ’ (230 ,ug kg-’ by 
EAAS). 

The average value of the molybdenum content 
in industrial water (Insisur S.A.) agrees with that 
found by EAAS (31 ng ml ~ ‘). 
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Table 3 
Determination of MO in real samples (100 ml sample procedure) 

Sample Molybdenum 
content added 
(ng ml - ’ ) 

Molybdenum content 
found.’ (ng ml- ‘) 

Mean recovery 
(“A) 

Industrial water 29.06 
(Insisur S.A.) 10 40.20 III.4 

20 48.30 96.2 

Potato leaves” 22.41 - 

IO 32.46 99.9 
20 43.42 104.8 
30 52.85 101.3 

Soil extractL - 23.53 
IO 33.2 96.7 
20 42.9 96.8 

L’ Average values of three determinations. 
’ Standard calibration graph method. Analysis carried out on an aliquot of 20 ml of mineralized sample. 
c Standard addition calibration graph method. Analysis carried out on an aliquot of 20 ml of mineralized sample. 
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Abstract 

A simple and sensitive flow-injection fluorimetric method was developed to determine nabam or metham in water 
and cereal samples. The procedure is based on the oxidation of these pesticides by thallium(lI1) with the concomitant 
formation of fluorescent thallium(I). Lineal calibration graphs were obtained between 0.25 and 2.56 pm1 - ’ for 
nabam. and between 0.26 and 2.65 p’g ml- ’ for metham. The sampling rate was 80 samples h- ‘. The method was 
satisfactorily applied to the direct analysis of water, wheat, barley and oat samples spiked with nabam or metham. 

Keywords: Nabam; Metham; Flow injection; Fluorimetry 

1. Introduction 

Metham (sodium N-methyidithiocarbamate) 
and nabam (disodium ethylenebis[dithiocarba- 
mate]) are two well-known dithiocarbamate fungi- 
cides widely used against a variety of plant 
pathogenic fungi. They are highly mobile in soil 
and can leach into groundwater. Although dithio- 
carbamate pesticides are used primarily on field 
crops and cereals, appreciable amounts of lettuce 
and other vegetables and fruits are also treated. 
The maximum residue limits for dithiocarbamates 
(expressed as carbon disulphide) which are being 
considered by the European Union are 2-7 mg 
kg-‘. 

Dithiocarbamates are generally determined on 
the basis of their decomposition by hot mineral 
acid to amines and carbon disulphide. This is then 

*Corresponding author. 

absorbed in methanolic potassium hydroxide so- 
lution and the potassium methyl xantate thus 
formed is titrated iodometrically [I]. Alternatively, 
carbon disulphide is absorbed in an ethanol solu- 
tion containing copper(H) and an alkylamine to 
form copper dialkyldithiocarbamate chelates, 
which can be determined photometrically [2,3]. 
Gas chromatography, including head-space analy- 
sis [4,5] and liquid chromatographic methods 
[6,7], has also been used to determine dithiocarba- 
mate residues. 

Analytical methods which use processes other 
than acid decomposition include iodometry in 
anhydrous solvents [8,9], indirect titration with 
EDTA [9,10], polarography [II] and determina- 
tion of the metallic component of herbicides using 
different approaches [ 12,131. 

Flow-injection analysis has proved to be a very 
useful and versatile automated technique for the 
determination of a large number of inorganic and 
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organic analytes ] 14,151. However, no flow-injec- 
tion method has been found to deal with the 
determination of the dithiocarbamates. 

In this paper the development of a fluorimetric 
flow-injection method for the determination of 
metham and nabam is described. The determina- 
tion is based on the oxidation of these pesticides 
by thallium(III) and the parameter measured is 
the fluorescence of thallium(I) formed during the 
reaction. This violet fluorescence has been at- 
tributed to the existence of the anionic TlCli- 
complex [16,17] and hence the reaction is carried 
out in the presence of hydrochloric acid. 

The proposed method is simple and sensitive, 
and enables these two pesticides to be determined 
in waters and cereals. 

2. Experimental 

2.1. Apparutus 

A SLM-Aminco (Urbane, Illinois, USA) Series 
2 spectrofluorimeter was used for recording spec- 
tra: excitation and emission spectra were cor- 
rected. A Perkin-Elmer (Norwalk, CA, USA) 
Model 3000 spectrofluorimeter equipped with a 
Hellma (Mtillheim, Baden, Germany) 176.052 QS 
flow cell (inner volume 25 ~11) and connected to a 
Linseis (Selb, Germany) 6512 recorder was used 
as the detector in the flow-injection system. 

A Gilson (Villiers Le Bell, France) Minipuls 
HP4 peristaltic pump and an Omnifit (Cambridge, 
UK) injection valve were also used. 

2.2. Reugen ts 

All chemicals used were of analytical-reagent 
grade; doubly distilled water was used for the 
preparation of solutions and all dilutions. 

Metham and nabam were obtained from 
Riedel-de Haen (Seelze, Germany) and used as 
received. Stock solutions (200 mg 1.~ ‘) of these 
pesticides were prepared by dissolving 20.0 mg of 
each compound in doubly distilled water and 
diluting to 100 ml in a calibrated flask. Working 
solutions of lower concentration were freshly pre- 
pared by appropriate dilution with water. 

Thallium(II1) stock solution (1.0 x 10-j M) 
was prepared by dissolving the required amount 
of TlCl, (Fluka, Buchs, Switzerland) in 0.5 M 
hydrochloric acid. Solutions of lower concentra- 
tion were prepared from the stock solution by 
appropriate dilution with 0.5 M hydrochloric 
acid. 

2.3. Munifbld design 

The configuration of the flow-injection (FI) 
manifold used is shown in Fig. 1 with the opti- 
mum conditions as stated. With the exception of 
the pump tubing (Tygon), PTFE tubing (0.5 mm 
i.d.) was used throughout the manifold. The 
fluorescence intensity of thallium(I) formed in the 
reaction between thallium(II1) and the pesticides 
was measured at 419 nm with excitation at 227 
nm. The spectrofluorimeter was set with 10 nm 
excitation and emission slits. 

2.4. Busic procedure 

The samples containing between 0.25 and 2.56 
jig ml’ of nabam or between 0.26 and 2.65 of 
metham were aspirated into the sample loop (200 
~11) of the injection valve by means of the peri- 
staltic pump, and injected into the pre-mixed hy- 
drochloric acid and the thallium streams of the FI 
manifold (see Fig. 1). The concentration of these 
pesticides was evaluated from the peak height 
with a calibration graph prepared using freshly 
prepared nabam or metham standard solutions. 

PP 

Samplo 

HCI 0.3 

- 

Fig. 1. Manifold for the determination of nabam and metham: 

PP. peristaltic pump (with flow rates given in ml min-‘): M, 

mixing coil (20 cm): R. reaction coil (100 cm for nabam and 

150 cm for metham); D, detector; W. waste. 
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Fig. 2. Efect of the loop size (A) and the reaction coil (B) on peak height for nabam ( ) and metham (0) 

The samples were diluted as appropriate with 
doubly distilled water and analysed following the 
basic procedure. 

About 10 g of accurately weighed wheat. barley 
or oat was sprayed with 5 ml of an aqueous 
solution containing between 5 and 100 /lg ml ’ 
of nabam or metham. The samples were then 
allowed to dry in the sun for 1 h and thereafter in 
the shade for 24 h to remove extraneous moisture. 
For each determination a blank assay was carried 
out by spraying the same amount of grain with 5 
ml of water. The samples were weighed again in 
order to determine the amount of pesticide re- 
tained. The previously ground samples were 
treated with 50 ml of 0.1 M sodium hydroxide, 
sonified for 10 min and centrifugated at 2000 rpm 
for 5 min. Aliquots of the resulting solutions were 
filtered and processed following the basic proce- 
dure. 

3. Results and discussion 

We have found that nabam and metham are 
oxidized by thallium(III) to form fluorescent thal- 
lium( I). These reactions seemed more quantitative 
when performed in acid media. The nature of the 
acid proved important because the fluorescence 
intensity of thallium(I) increases with increasing 

chloride and ion hydrogen concentrations [16- 
191. A maximum, stable fluorescence intensity was 
obtained when the concentration of hydrochloric 
acid was 0.6 M for nabam and 0.3 M for metham. 

Alternatively, both nabam and metham can be 
oxidized in a flow system by injection into a 
thallium( III) solution flowing on-line. A two-line 
FI manifold with fluorimetric detection is suitable 
for the determination of both pesticides. The 
manifold represented in Fig. 1 was used to investi- 
gate the efEect of chemical and FI variables on the 
peak height. 

The variables studied were volumed of injected 
sample, flow rate and length of the reaction coil. 
The reagent concentrations used in the experi- 
ments were as follows: thallium(II1) line, 2.0 
x 10 ’ M; hydrochloric acid line, 0.3 M. The 

mixing ratio between both streams was always 
I:]. 

The sample volume was varied between 35 and 
240 ,uI (Fig. 2A). A sample volume of 200 1~1 was 
pre-selected for both pesticides in order to obtain 
maximum peak heights. 

The peak height obviously depends on the resi- 
dence 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 
0.4-2.4 ml min ‘. The lower flow rates gave 
higher fluorescence intensities although, up to 0.5 
ml min-‘, the peak-height reproducibility was 
poor and the peaks were so broad that the sample 
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[TI(III)], M x 10’ 

Fig. 3. Influence of Tl(111) on peak height for nabam ( ) and 
metham (0). 

throughput was very low. A flow rate of 0.6 ml 
min’ was pre-selected as a compromise between 
reproducibility, sensitivity and sample throughput. 

The length of the reaction coil was examined 
over the range O-240 cm. Fig. 2B shows that a coil 
of 100 cm for nabam and of 150 cm for metham 
permitted the maximum peak height to be ob- 
tained. 

An iterative procedure was followed, in that 
after the first round of experiments the best condi- 
tions were taken as the starting point for a further 
optimization cycle. This resulted in only a very 
small improvement; thus, the new values can be 
considered as very close to the optimum: sample 
volume injected, 220 /tl; flow rate, 0.6 ml min ‘; 
coil length, 1 IO cm for nabam and 170 cm for 
metham. 

3.2. Optimixlion of rragrnt 0mwQrution 

The effect of varying the concentrations of thal- 
lium(III) and hydrochloric acid was tested in the 
optimized how system. 

The peak heights for both pesticides increased 
with increasing thallium(II1) concentration up to 
9.0 x 10 5 M, above which they remained virtu- 
ally constant (Fig. 3). The concentration selected 
was 1.0 x 1O-4 M. 

The concentration of hydrochloric acid used as 
a carrier was selected to obtain the required opti- 
mum level when the sample zone merged with the 
thallium(lI1) stream, which was 0.5 M in HCI. The 
carrier selected for nabam and metham was 0.7 
and 0.1 M hydrochloric acid, respectively. 

3.3. Cdihrution grqh 

A series of standard solutions of nabam and 
metham were injected into the manifold under the 
optimized conditions to test the linearity of the 
calibration graphs. The figures of merit corre- 
sponding at these two analytes are summarized in 
Table 1, from which the excellent sensitivity of the 
proposed method is evident. The sample through- 
put was about 80 samples h - ‘. 

3.4. Inte~fkwncrs 

An interference study to determine nabam or 
metham in real samples was performed. Samples 
containing a fixed concentration of each pesticide 
and various concentrations of foreign substances 
were injected into the FI system. Tolerance was 
defined as the amount of foreign substance induc- 

Table I 
Features of the cahbration graphs for the determination of nabam and metham 

Nabam Metham 

Determination range 1.0 x IO-‘-l.0 x IO-’ M I.0 x IO-“-l.0 x IO-’ M 
Slope (L,. M ‘) 37.8 x IOh 18.5 x IOh 
Intercept (L, ) 6.7 3.4 
Correlation coefficient.’ 0.999 0.998 
RSD (‘XI)~ 1.4; 0.8 1.2; 0.5 

“The correlation coefficient was calculated using I I direrent concentrations of each analyte. 
‘“Relative standard deviation (n = 10). Concentration levels: 3 x 10m6 M: 7 x 10mh M. 



Table 2 

Tolerance to diKerent substances in the determination of 

nabam and metham 

Substance added Tolerance molar ratio 

Inrerferent: pesticide 

Nabam Metham 
--__ 

Urea. sulphate. chloride, IO00 IO00 

acetate. perchlorate, sodium(l). 

potassium (I). ammonium 

Phosphate, tartrate IO00 800 

Calcium(ll). magnesium(ll). zmc(ll) 800 500 
Citric acid. glucose. alanine 800 100 

Glycine, alumin~um(lll). 50 20 

cadmium(l1). manganese(ll) 

Oxalate. nitrate IO I 0 

Thiamine, cysteine. ascorbic acid. 5 I 

uric acid 

Lead(ll). iron(ll1) I 0.5 

Copper( bismuth(ll1). mercury(l1) 0. I 0. I 

Pesticide concentration: 2.5 x IO ’ M. 

ing errors lower than 3% in the determination of 
the analyte. Table 2 shows the results obtained. 

The interference of metallic ions can be elimi- 
nated by passing the solution through strongly a 
acidic cation-exchange (sodium form) column. 
The interference of ascorbic acid can be mini- 
mized by heating the solution to 60°C in the 
presence of 0.1 M sodium hydroxide. 

&bdttI or metham, if present in other common 
dithiocarbamate pesticides such as thiram. disul- 
phuram, zineb, maneb and ziram. can easily be 
separated by extraction with chloroform: nabam 
or metham will remain in the aqueous phase 
which can then be analysed following the basic 
procedure. 

To investigate the applicalibity of the proposed 
Fl method to real samples, nabam and metham 
were determined in water and cereal grain. The 
results in Tables 3 and 4 show that the method is 
applicable to water and grains sprayed with solu- 
tions of these pesticides. Taking into account that 
the recoveries obtained are close to lOO%, it may 
be assumed that no interfering substances were 
encountered. 

The determination of residues of nabam in 
wheat grains under field conditions is summarized 
in Table 5. The results show that nabam residues 
as measured by the proposed FI procedure were 
in excellent agreement with those obtained by the 
manual carbon disulphide spectrophotometric 
method. 

Table 3 

Recovery of nabam from treated water and grain samples 

Irrigation water 

Barley 

Oat 

Added Found,’ Recovery (‘%,) 

2.5 2.6 + 0.2 104.0 

10.0 9.9 + 0.1 99.0 

4.0 4.1 LO.1 102.5 

8.0 7.93 * 0.06 99.1 

4.0 3.83 + 0.06 95.75 

10.0 9.9 * 0.2 99.0 

0.29 * 0.01 

0.39 * 0.01 

0.41 + 0.01 

0.52 f 0 01 

96.6 

97.5 

102.5 

104.0 

,‘Akerage 5 SD of three analyse;es 

Table 4 

Recovery of metham from treated water and grain samples 

Irrlpatlon wter 

Barley 

Odt 

Added Found,’ Recovery (%) 

0.30 0.29 * 0.02 

0.50 0.5 I T  0.02 

0.40 0.42 + 0.01 

0 50 0.52 * 0.01 

4.0 3.8 & 0. I 

8.0 7.86 + 0.06 

2.5 2.43 & 0.06 

5.0 4.8 I 0. I 

4.0 3.83 * 0.05 

6.0 6.1 50.1 

96.6 

102.0 

10.5.0 

104.0 

95.0 

98.2 

Y7.2 

96.0 

101.5 

101.6 

‘%verage k SD of three analyses. 



Table 5 
Determination of nabam residues from wheat 

Fl method” Reference method,’ 
(mg kg-‘) (mg kg-‘) 

Sample Ih 2.2 + 0.2 2.1 j:O.l 
Sample ? 2.4 + 0. I 2.2 + 0. I 
Sample 3’ 4.3 f 0.2 4.1 TO.2 
Sample 4 4.1 kO.1 4.2 * 0.2 

“Average + SD of five analyses. 
‘Samples I and 2 from an experimental greenhouse treated 
with 20 I of 2 g 1-l nabam solution. Harvested 20 days after 
nabam application. 
‘As for footnote b but treated with 20 1 of 4 g I ’ nabam 
solution. 

Acknowledgements 

The authors gratefully acknowledge financial 
support from the Spanish DGICYT (project 
PB93-1139) and Comunidad de Murcia (project 
PIB94-02). 

References 

[I] Official Methods of Analysis, in W. Horwith (Ed.). 
AOAC, 30th edn.. Arlington, VA, 1980, p. 1 IO. 

[2] D.G. Clarke. H. Baum. E.L. Stanley and W.F. Hester, 
Anal. Chem., 23 (1951) 1842. 

[3] W.K. Lowen. Anal. Chem.. 2.3 (1951) 1846. 
[4] H.A. McLeod and K.A. McCully. J. Assoc. OtT. Anal. 

Chem.. 52 (1969) 1226. 
[5] Panel on Determination of Dithiocarbamates Residues of 

the Committee for .Analytlcal Methods for Residues of 
Pestiades and Veterinary Products in Foodstulfs of the 
Ministry of Agrtculture, Fisheries and Foods. Analyst, 
106 (1981) 782. 

[6] F.J. Lawrence. F. Iverson. H.B. Hanekamp, P. Bos and 
R.W. Frei. J. Chromatogr.. 212 (1981) 245. 

[7] H. Irth, G.J. de Jong. R.W. Frei and U.A. Th. 
Brinkman. Int. J. Environ. Anal. Chem.. 39 (1990) 129. 

[8] A.F. Grand and M. Tamres. Anal. Chem., 40 (1968) 
1904. 

[9] D.D. Clyde, J. Assoc. OtT. Anal. Chem.. 66 (1983) 646. 
[IO] AS. Hyman, Analyst. 94 (1969) 152. 
[I I] D.J. Halls, A. Townshend and P. Zuman. Analyst. 93 

(1968) 219. 
[12] M.C. Quintero. M. Silva and D. Perez-Bendtto. Anal. 

Chim. .Acta. 222 (1989) 269. 
[I31 M.C. Quintero. M. Silva and D. P&ez-Bendito, Talanta, 

38 (1991) 359. 
[I41 J. Ruzicka and E.H. Hansen. Flow Injection Analysis. 

Wiley. New York, 1988. 
[I51 M. Valcarcel and M.D. Luque de Castro, Flow Injection 

Analysis: Principles and Applications. Ellis Horwood. 
Chichester. 1987. 

[Ih] G.F. Kirkbright. T.S. West and C. Woodwards. Talanta, 
I2 (1965) 517. 

[I71 G.H. Schenk. Absorption of Light and Ultraviolet Radi- 
ation: Fluorescence and Phosphorescence Emission. Allyn 
and Bacon. Inc.. Boston. MA. 1973, p. 221. 

[I81 R.E. Curticc and A.B. Scott, Inorg. Chem., 3 (1964) 
1383. 

[I91 P.J. Mayne and G.F. Kirkbright. J. Inorg. Nucl. Chem.. 
137 (1975) 1527. 



Talanta 
ELSEVIER Talanta 43 (1996) 199-219 

Quantitation of the global secondary structure of globular 
proteins by FTIR spectroscopy: comparison with X-ray 

crystallographic structure’ 

Thomas F. Kumosinski*, Joseph J. Unruh 
U.S. Department of Agriculture, ARS, Eastern Region Research Center, 600 East Mermaid Lane, Philadelphia, PA 19118, USA 

Received 3 March 1995; revised 21 August 1995; accepted 24 August 1995 

Abstract 

Fourier transform infrared spectroscopy (FTIR) is potentially a powerful tool for determining the global secondary 
structure of proteins in solution, providing the spectra are analyzed using a statistically and theoretically justified 
methodology. We have performed FTIR experiments on 14 globular proteins and two synthetic polypeptides whose 
X-ray crystal structures are known to exhibit varying types and amounts of secondary structures. Calculation of the 
component structural elements of the vibrational bands was accomplished using nonlinear regression analysis, by 
fitting both the amide I and amide II bands of the Fourier self-deconvoluted spectra, the second-derivative spectra, 
and the original spectra. 

The methodology was theoretically justified by comparing (via nonlinear regression analysis) the global secondary 
structure determined after deconvolving into component bands the vibrational amide I envelopes with the calculated 
structure determined by first principles from Ramachandran analysis of the X-ray crystallographic structure of 14 
proteins from the Brookhaven protein data bank. Justification of the nonlinear regression analysis model with respect 
to experimental and instrumental considerations was achieved by the decomposition of all the bands of benzene and 
an aqueous solution of ammonium acetate into component bands while floating the Gaussian/Lorentzian character 
of the line shapes. The results for benzene yield all pure Lorentzian line shapes with no Gaussian character while the 
ammonium acetate spectra yielded all Gaussian line shapes with no Lorentzian character. In addition, all-protein 
spectra yielded pure Gaussian line shapes with no Lorentzian character. Finally, the model was statistically justified 
by recognizing random deviation patterns in the regression analysis from all fits and by the extra sum of squares 
F-test which uses the degrees of freedom and the root mean square values as a tool to determine the optimum number 
of component bands required for the nonlinear regression analysis. 

Results from this study demonstrate that the globular secondary structure calculated from the amide I envelope for 
these 14 proteins from FTIR is in excellent agreement with the values calculated from the X-ray crystallographic data 
using three-dimensional Ramachandran analysis, providing that the proper contribution from GLN and ASN side 
chains to the 1667 and 1650 cm-’ component bands has been taken into account. The standard deviation of the 

* Corresponding author. 
’ Reference to a brand or firm name does not constitute endorsement by the US Department of Agriculture over others of a 

similar nature not mentioned. 
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regression analysis for the per cent helix, extended, turn and irregular conformations was found to be 3.49%, 2.07X, 
3.59% and 3.20X, respectively. 

Keywords: Fourier transform infrared spectroscopy; Globular proteins; Protein secondary structure 

1. Introduction 

Previous studies comparing the global sec- 
ondary (2”) structure of globular proteins calcu- 
lated from their X-ray crystal structure with those 
determined from Fourier self-deconvolution 
(FSD) FTIR spectroscopy were performed in 
D,O. However, DzO may cause increased hydro- 
phobic interactions which could lead to spurious 
2” structural changes in some proteins [l]. Using 
D,O also results in the elimination of the amide II 
peptide band, which may be helpful for validation 
of the amide I assignments. With the use of an 
extremely short path length (6-12 pm) and accu- 
rate water vapor subtraction [2], the determina- 
tion of protein secondary structure in H,O, using 
both the amide I and amide II regions, is now 
possible. However, controversy exists among re- 
searchers concerning the deconvolution of the 
FTIR amide I and II envelopes into their compo- 
nent bands. Not only the number of bands, but 
also the character of the bands (whether they are 
of pure Gaussian, pure Lorentzian, or a combina- 
tion of Gaussian and Lorentzian character) is 
suspect. In addition, when using FSD to ascertain 
the number of bands, the magnitude of the half- 
width at half-height of the band and the value of 
the resolution enhancement factor (REF) are also 
open to discussion. Additionally, when experi- 
ments are performed in H,O, the amide II band, 
while present, is not always deconvolved. Analy- 
ists also routinely apply conservatively low values 
for the REF with large half-width at half-height 
values of 13- 18 cm- ‘, in order to not overdecon- 
volute the spectrum, and in the next step (nonlin- 
ear regression analysis), only the smallest number 
of component bands are used for the nonlinear 
regression analysis. 

The rational for these procedures is to avoid 
the possibility of distorting the experimental spec- 
trum. However, no studies analyzing the same 
spectrum using nonlinear regression analysis with 

varying FSD parameters have as yet been per- 
formed; thus the optimum parameter limits to use 
without causing distortion are unknown. Using 
higher REFs and narrower half-widths during 
FSD increase the number of component bands. 
We will attempt to show that properly choosing 
to use this increased number of bands (with equal 
half-widths at half-height) in the nonlinear regres- 
sion fit of the experimental spectrum results in 
much lower root mean square (RMS) values (i.e. 
the square root of the average of the squares of 
the differences between the experimental spectra 
and the nonlinear regression fitted spectra). 

While nonlinear regression analysis using an 
increased number of component bands is more 
difficult and more time consuming (and cannot be 
easily performed on older microcomputers), the 
correct number of peaks must be obtained to 
insure the correct band assignments to the sec- 
ondary structure of the protein. If one band is 
used when two are predicted from theory, then a 
larger amount of disordered, helical or extended 
structure could be calculated because of incorrect 
assignments. With the methodology employed 
herein, the researcher can use the maximum num- 
ber of component bands to fit the theoretical 
curve to the experimental data. This in fact yields 
the lowest RMS value, and the amide II envelope 
is fit simultaneously with the amide I envelope. It 
is critical to allow a zero slope baseline to vary to 
a calculated value. It is noted that during the 
calculations, the use of too many bands may 
result in the heights of the excess bands approach- 
ing a zero or negative value. The number of bands 
were controlled by use of the F-test as well as the 
agreement of calculated frequencies with previ- 
ously reported experimental and theoretical as- 
signments. Thus, the statement that excessive 
numbers of bands always yield better fits to the 
data is not valid. This statement only applies to 
the use of polynomial curve fitting algorithms and 
not to nonlinear regression analyses. 
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In this work we measure FTIR spectra in H,O 
of 14 globular proteins and two polypeptides - 
with varying types and amounts of 2” structures 
- whose X-ray crystal structures are known. A 
more complete theoretically, experimentally, and 
statistically based analysis of the spectral data in 
H,O using FSD, second-derivative spectra, and 
band curve-fitting techniques is presented. The 
analysis allows the individual 2” structural compo- 
nents to be distinguished and then compared with 
results in D,O [3,4] and with the global 2” struc- 
tural parameters calculated from the protein X-ray 
crystallographic data. Previous frequency assign- 
ments of structural components are also assessed 
and contrasted with the new information in H,O. 

2. Methods 

2.1. Infrared measurement 

The individual proteins were prepared as 4 
solutions (by weight) in a 20 mM imidazole buffer, 
pH 6.7. All protein solutions and buffers were 
filtered using a HVIP 0.45 bum Millipore low- 
protein retention filter prior to the FTIR experi- 
ments. The protein concentrations after filtration 
were calculated from their respective absorptivities 
at 280 nm. All samples were introduced into a 
demountable cell with CaF, windows and a 12 pm 
Teflon spacer. Spectra were obtained using a Nico- 
let 740 FTIR spectrometer equipped with the 
Nicolet 660 data system. Data collection was car- 
ried out following a 30 min nitrogen purge of the 
sample chamber. Eight data sets of 512 drift and 
intensity correlated interferograms were collected, 
coadded (net for each spectrum was 4096 double- 
sided interferograms with 16 384 data points), 
phase-corrected. apodized (Happ-Genzel func- 
tion), and fast-Fourier transformed. The eight 
data sets were routinely checked for drift using 
calculated second derivatives before summing. 
Nominal instrument resolution was 2 cm-’ with 
one data point every 1 cm- ‘. Water vapor absorp- 
tion was routinely subtracted from all spectra 
using the second-derivative method [2]. 

To reduce the water vapor in the sample cham- 
ber, the FTIR spectrometer is purged with nitro- 

gen which has been passed through a Balston 
model 75-52 FTIR purge gas generator, drying the 
nitrogen to a dew point of - 100°F. In addition, 
three additional nitrogen purging lines were added 
to the sample compartment of the FTIR spectrom- 
eter, the net effect being a purge rate of 60 1 min ~ ’ 
The total amount of water vapor observed by the 
IR detector in the course of a typical protein 
solution scan is illustrated in Fig. lA, where the 
water vapor spectrum is represented by crosses. 
For comparison purposes, the FTIR amide I and 
II envelopes of the FSD spectra of trypsin, the 
component bands obtained from the nonlinear 
regression fit of the amide I and II envelopes, and 
the resulting sum of the component bands are also 
illustrated (as single lines). (The use of nonlinear 
regression analysis for decomposition of the amide 
I and II envelopes into component bands will be 
discussed in another section of this manuscript.) 
As can be seen in Fig. lA, the water vapor 
spectrum is significantly smaller than the actual 
protein amide I and II envelopes as well as the 
component bands derived from nonlinear regres- 
sion analysis. The heights are 50-100 times 
smaller and the half-widths at half-height are also 
significantly smaller in magnitude. Thus, even if 
no vapor subtraction is performed on the protein 
FTIR spectrum, the water vapor spectrum cannot 
be a source of the component bands attributed to 
the protein. Hence, the proposition that the com- 
ponent bands derived from nonlinear regression 
analysis are useful in defining unique populations 
of protein vibrating molecular groups is valid. 

It is important to emphasize that to obtain 
acceptable FTIR spectra of proteins in water, a 
good signal-to-noise ratio (SN) is mandatory. SN 
is dictated by the sensitivity, resolution and stabil- 
ity of the FTIR spectrometer and its computer. 
For our system, only a resolution of 2 cm-’ is 
possible due to the long scanning times required 
for a 1 cm-.’ resolution spectrum, i.e. four times as 
long or approximately a 2 h scan. However for 
researchers having a quicker, more sensitive and 
stable instrument (such as a Nicolet 800 series 
spectrophotometer), a resolution of 1 cm-’ should 
be possible to attain, although for comparison 
purposes, an FTIR spectrum of one protein (with 
corresponding buffer, background and vapor spec- 
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tra) was accumulated at a resolution of 1 cm-‘. 
Decomposition of this spectrum into component 
bands by nonlinear regression analyses yielded 
fractional areas for both the amide I and II 
envelopes in agreement to within 1% with frac- 
tional areas from the spectrum of the same 
protein solution collected at a resolution of 2 
cm-‘. Also, using the 2 cm-’ resolution parame- 
ters, a protein solution was diluted to a concentra- 
tion of 3% with buffer, and its FTIR spectrum 
was accumulated. Comparison of the areas of the 
component bands from nonlinear regression anal- 
ysis agreed to within 1% with those determined 
using a 4% solution. These two tests add confi- 
dence to the methodology used in this study. 

To ascertain whether the FTIR instrumental 
parameters yield line shapes that are Lorentzian, 
Gaussian or composites of both line shapes, FTIR 
spectra were obtained for benzene using KBr 
windows and an aqueous solution of ammoniuim 
acetate using CaF, windows. Our regression anal- 
ysis program contains line shape parameters for 
the amount of Gaussian character (i.e. pure Gaus- 
sian, 1; pure Lorentzian, 0), the line shape is 
varied along with the frequency position, height, 
and half-width at half-height variables. The re- 
sults conclusively show that all component bands 

Fig. 1. (A) FSD FTIR spectra of the amide I and II envelopes 
of trypsin in H,O. represented by the solid line; component 
bands from nonlinear regression analysis, and the composite 
sum of the bands are also represented as solid lines (note: the 
composite sum and the FSD overlap). The crosses denote the 
atmospheric water vapor FTIR spectrum experienced during a 
typical protein accumulation if no second-derivative water 
vapor subtraction is performed. The crosses also represent all 
instrumental and phase errors (see Section 2 of text). (B) FTIR 
spectrum showing the amide I and amide II envelopes of 
lysozyme in aqueous solution. The outer envelope double line 
represents the original spectrum. The single line on the outer 
envelope and the individual component bands underneath are 
the results of nonlinear regression analysis, as described in the 
text. The inset shows a plot of connected residuals or devia- 
tions between calculated and experimental absorbances vs. 
frequency. (C) Fourier self-deconvolution of the FTIR spec- 
trum of lysozyme in Fig. I. The single line on the outer 
envelope and the individual component bands underneath 
were found by nonlinear regression analysis as described in the 
text. The double line represents connected experimental data. 
The inset shows the unsmoothed second derivative of the 
original spectrum. 
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of benzene have pure Lorentzian line shapes - 
the theoretical line shape for most pure condensed 
phase samples and gases [5]. While the aqueous 
ammonium acetate solution spectra yield pure 
Gaussian line shapes - theoretically predicted by 
Beer’s law for the absorbance of a solid dissolved 
in a liquid [5]. In addition, all residual plots had a 
pseudorandom character, with a magnitude equiv- 
alent to an instrument residual plot. 

2.2. Data analysis 

Protein spectra (amide I and II regions) were 
obtained by subtracting the buffer spectra from 
the respective protein solution spectra in the 
2000-1350 cm-’ region. Subtractions were per- 
formed interactively using the subtraction func- 
tion in the Sx software of the Nicolet 660 data 
system. The scaling factor (FCR) was individual- 
ized during each subtraction by adjusting the 
FCR parameter value until the region from 2000 
to 1800 cm-’ was as flat as possible. The sub- 
tracted region from 1800 to 1350 cm-’ was then 
saved as the protein spectrum. This method for 
subtraction does not take into account the spec- 
tral modifications due to water-protein interac- 
tions. Previous NMR studies by Kakalis and 
Kumosinski [6] have shown that the water 
protein interaction is small on a molar basis (wa- 
ter to protein), and therefore should not interfere 
with this type of subtraction. The protein spectra 
thus obtained were then used to calculate the 
second-derivative spectra by a simple analytical 
procedure that employs every data point [3]. Sec- 
ond-derivative spectra served as sensitive indica- 
tors for the identification of individual peak 
positions, and the initial number of bands to be 
used in subsequent nonlinear regression analysis. 
The unresolved spectra were subjected to FSD 
using an algorithm developed from that described 
by Kauppinen et al. [7]. 

FSD was undertaken with a number of resolu- 
tion enhancement factors. Qualitatively, under- 
FSD was judged by the absence of peak positions 
indicated in the spectra and over-FSD by the 
appearance of side lobes in the flat portions of the 
spectra [4]. Over-FSD also resulted in excessively 
low baselines computed by the regression routine. 

The methodology used will be illustrated for 
lysozyme. 

All spectra were deconvolved (decomposed into 
their component structural elements) using a 
Gauss-Newton nonlinear iterative curve-fitting 
program ABACUS developed at this laboratory [8], 
which can assume Gaussian, Lorentzian shapes or 
a combination of both for the band envelope 
shape of the resolved component bands. The de- 
convolving curve-fitting program was applied only 
to the amide I and II envelopes, which consisted 
of at least 200 experimental points. In practice, 
the four parameters of each component band 
(Lorentzian character, height, peak frequency, 
and half-width at half-height) were allowed to 
float during the iterations, as was the baseline. 
Integrated areas were calculated for those peaks 
that correspond to conformational elements, e.g. 
helices, sheets, turns, and loops [9]. This proce- 
dure yielded the relative areas of the component 
bands, which serve to estimate the fraction of the 
various 2” structural elements in the protein 
molecule. 

3. Results 

3.1. Sample calculation: analysis of lysozyme 

A typical FTIR spectrum of hen’s egg white 
lysozyme showing the amide I and amide II re- 
gions is shown as the outer envelope in Fig. 1B. 
This spectrum can be considered to be the sum of 
a variety of individual bands arising from the 
specific structural components of the protein, such 
as g-helix, B-sheets and turns. Identification of all 
the components of the spectrum by fitting it di- 
rectly with an undefined number of peaks by 
nonlinear regression would be a daunting task. To 
alleviate this dilemma, we first examine the second 
derivative of the spectrum (inset, Fig. 1C) to find 
the number of component bands and the approxi- 
mate positions of those bands, and to compare 
these assignments with those of Byler and Susi [3]. 

The next step in the analysis is to enhance the 
resolution of the original spectrum via an FSD 
algorithm. Care must be taken to choose the 
proper half-width and REF values used in the 
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algorithm so that the FTIR spectrum is not over 
or under FSD. 

Initially, all amide I component band assign- 
ments of Byler and Susi [3] are used to fit the FSD 
spectra, along with comparable theoretical amide 
II bands and side-chain assignments from Krimm 
and Bandekar [lo]. Initial half-width at half- 
height values are assigned as 2 or 2.5 cm- ‘, while 
the initial heights are assigned values higher than 
the FSD experimental data. The number of bands 
fit to the amide I and amide II envelopes is also 
controlled via the statistical F-test, which will be 
discussed later. 

For faster convergence of the nonlinear regres- 
sion analysis, the investigator may initially float 
only the heights, the half-widths at half-height, or 
the peak positions and the Gaussian/Lorentzian 
parameter in an alternating fashion during the 
process of the fitting program. Later, three of the 
parameters can be floated in an alternating fash- 
ion. And finally, all four parameters are floated 
simultaneously until the nonlinear regression 
analysis converges. The criteria for progress in the 
nonlinear regression analysis is a continually de- 
creasing RMS value. If divergence takes place, the 
iteration factor that determines the step increase 
in the parameter values for the next iteration 
should be lowered. It is mandatory that the base- 
line value be allowed to vary during all of the 
above iterations. The imposition of a fixed base- 
line value adds error to the results, slows the 
convergence process, and in some cases causes 
calculations which ultimately diverge. 

In addition, to alleviate the local minima prob- 
lem, the whole process should be repeated starting 
with heights of the components that are lower in 
value than the FSD experimental data. The results 
of these two calculatons should be in agreement. 
Failure of these two calculations from different 
starting points to agree for all component bands 
indicates local minima resulting from use of a 
lower number of component bands. It is noted 
that all calculations using nonlinear regression 
analysis should be performed in this manner. 

Fig. 1C shows the fit of 29 component Gaus- 
sian bands for the Fourier self-deconvoluted 
amide I and II FTIR envelope of lysozyme using 
deconvolution values of 13 cm-’ and 2 REF. The 

RMS value for this fit is 0.000125 which is well 
within the criteria for acceptability as stated 
above. This lack of Lorentzian character is in 
agreement with the conclusions of Byler and Susi 
[3] that only Gaussian component band shapes 
occur in FSD spectra. 

The use of a high REF value results in over- 
FSD of the FTIR spectra, usually an unaccept- 
able RMS value, and a baseline value far below 
that expected from the experimental data. Repeat- 
ing the above nonlinear regression process at a 
variety of FSD parameters for all the proteins in 
our database yielded the optimum FSD parameter 
values of 2.3 for the REF and 9 cm-’ for the 
half-width at half-height (see Fig. 4A). 

After fitting the FSD spectrum of lysozyme, the 
next step was to use these results to fit the original 
spectrum shown in Fig. 1B. Here, the frequency 
positions from the FSD FTIR envelope of Fig. 
1C were initially not allowed to iterate. Only the 
heights, half-widths at half-height, and the frac- 
tion of Lorentzian/Gaussian character of the 
band shape were allowed to alternately vary. For 
lysozyme as for all proteins in our database, the 
fraction of Lorentzian character vanished. Even 
when the peak positions were allowed to vary, 
only Gaussian band shapes were found to be 
present. A final convergent deconvolved original 
spectrum of lysozyme is presented in Fig. 1B. A 
plot of the difference between the experimental 
and the fit absorbences vs. frequency is presented 
in the inset of Fig. 1B. This deviation plot is seen 
to be pseudorandom in shape, which further adds 
validity to the analysis. Furthermore, the frac- 
tional areas of the component bands of the amide 
I envelope in Fig. 1B were in excellent agreement 
with those determined from the FSD spectra in 
Fig. 1C. These findings (random deviation plot 
and agreement of the original and FSD FTIR 
spectral fits) for lysozyme were used as criteria of 
acceptability for all the proteins analyzed in the 
presented database. 

Since the lack of Lorentzian character in the 
original FTIR spectrum has not been reported, we 
initiated further studies on other systems to aid in 
the validation of this conclusion. Recently, we 
inherited the previously reported [3] FTIR spectra 
of proteins in D,O. Fig. 2A shows the FSD 
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Fig. 2. (A) FTlR spectrum showing the amide I and II envelopes of ribonuclease in DZO from the previously published work of 
Byler and Susi 131. The outer envelope double line represents connected experimental data. The solid line on the outer envelope is 
the sum of component bands (solid line) calculated from nonlinear regression described in the text. The upper spectrum is the 
original FTIR spectrum: the lower spectrum is the Fourier self-deconvoluted spectrum. (B) FTIR spectra showing the amide I and 
II envelopes of polyaspartic acid under environmental conditions where the polymer adopts a disordered conformation. Same 
representation as in (A). The upper spectrum is the original FTIR spectrum; the lower spectrum is the Fourier self-deconvoluted 
spectrum 

(lower) and original (upper) FTIR spectra of ri- 
bonuclease A in D,O [3]. In both cases a small 
amide II envelope due to incomplete exchange of 
the D,O still exists. Using the above methodology 
for fitting both the amide I and II envelopes for 
both the FSD and the original spectra using 
Gaussian component bands was extremely suc- 
cessful, as seen in Fig. 2A. Ten amide I compo- 
nent bands for the FSD and original spectra with 
both fractional areas yielding equivalent global 
secondary structure result. No Lorentzian charac- 
ter bands were found by the nonlinear regression 
fitting analysis of either the FSD or the original 
spectra. Other FTIR spectra in D20, i.e. 
lysozyme, cytochrome C, conconavalin A, etc., 
yielded the same results. 

Finally, FTIR studies of polyaspartic acid and 
polylysine at pH 7 in 0.08 M KC1 and H,O were 
initiated to further test the above results. At pH 7 
in 0.08 M KCl, both polymers exist in a nonperi- 
odic or random conformation, The above 
methodology presented for lysozyme was carried 
out on each of the spectra for each of the two 
polymers. For the FSD spectra, a half-width at 
half-height of 9 cm-’ and an REF of 2.3 was 
used. The nonlinear regression analysis was 
started with 29 component bands, and the 
LorentzianjGaussian character of the bands was 
permitted to vary. For polyaspartic acid, only 
three major bands at 1648 cm-‘, 1581 cm-’ and 
1534 cm-’ with fractional area of 40%, 32% and 
28%, respectively, were present. The nonlinear 
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regression program caused the excess bands to 
converge to the lower boundary of zero for the 
height, then these bands were removed from the 
calculation. The program’s result also had all the 
bands with pure Gaussian character. The results 
of these calculations for the FSD and original 
FTIR spectra of polyaspartic acid are presented in 
Fig. 2B (lower spectra are FSD; the upper are 
original). Excellent fits for both spectra can be 
observed, and the fractional areas are equivalent 
for both spectra. Results for polylysine yielded 
only two major bands at 1646 cm- ’ and 1536 
cm-’ with fractional areas of 70% and 30X, 
respectively. A small band at 1745 cm-’ with a 
less than 0.4% fraction of the total area was also 
present for both of these polypeptide samples. 
The total study was also repeated at a lower salt 
concentration, which yielded the same results. It is 
apparent from these studies that the amide 1 
assignment of 1646-1648 cm-’ for a random coil 
or irregular conformation is appropriate 131. Also. 
the 1581 cm-’ band is most likely due to unpro- 
tonated side chain carboxyl groups. 

Thus, the validity of the methodology for de- 
convolving FTIR spectra into component bands 
using nonlinear regression analysis is consistent 
for proteins in H,O, proteins in D,O, and 
polypeptides in H,O. Even the number of compo- 
nent bands decreased markedly from 29 bands 
observed for lysozyme to 2 or 3 for the two 
polypeptides in irregular conformations. Also, no 
Lorentzian character is observable in any of the 
FTIR spectra. 

Further validation of the calculated compo- 
nents of the amide I and II bands can be obtained 
by mathematical comparison of the second- 
derivative FTIR spectrum obtained from the orig- 
inal spectrum with the calculated second 
derivative obtained from the model fit. The result 
of such a fit to a second-derivative spectrum of 
lysozyme Is shown in Fig. 3, where the irregular 
line represents the second-derivative spectrum of 
the fitted model and the smooth line that of the 
experimental data. The inset of this figure shows a 
pseudorandom plot of the connected residuals 
which further establishes the reliability of this 
methodology for quantitatively resolving FTIR 
spectra of proteins into component bands. 

3.2. Number of parameters for the nonlinear 
regression unalysis 

To evaluate the effects of fitting a protein with 
too few component bands, let us examine the 
spectrum of lysozyme. Fig. 4A shows the fit of the 
Fourier self-deconvoluted amide I and II en- 
velopes of lysozyme with 28 component Gaussian 
bands. The fit is excellent with no discernible 
difference between the resulting theoretical and 
experimental curves. However, when the band at 
1659 cm-’ is removed and only 27 peaks (N - 1 j 
are utilized, nonlinear regression analysis yields a 
poor fit, with some component bands becoming 
much broader than others (see Fig. 4B). Also, it 
can be seen that the fit in the amide II envelope is 
affected even though no band was removed from 
that range of frequencies. In addition, as seen in 
Table 1, the RMS for 27 peaks is six times larger 
than for 28 peaks, i.e. 0.00157 versus 0.000251, 
respectively. If additional bands are removed 
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Fig. 3. Second-derivative FTIR spectrum of the amide I and 
II bands of lysozyme in aqueous solution. The single smooth 
line represents connected experimental data. The irregular line 
is the second derivative of the composite sum of the individual 
component bands from the nonlinear regression analysis as 
described in the text. The inset shows a plot of connected 
second-derivative residuals between calculated (composite sum 
of nonlinear regression analysis) and experimental second 
derivatives vs. frequency. 
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Fig. 4. Best fit for Fourier self-deconvoluted lysozyme FTIR spectrum using nonlinear regression analysis. a half-width at 
half-height ( W) of 9 cm ‘, and a resolution enhancement factor, (REF) of 2.5. The light line represents connected experimental 
points: the dark line represents the theoretical sum of component bands shown by the light lines. (A) For 28 peaks: (B) for 27 peaks. 
Inserts in each show plots of connected residuals between spectra and composite nonlinear fit. 

(N - 2 and N - 3) the RMS continues to increase 
but at a smaller rate (see Table 1). 

The above comparison is also observed for all 
the proteins reported here but is only illustrated in 
Table 1 for the fits of trypsin, elastase, and myo- 
globin. In all cases the fits after removing peaks 
(N-l, N-2, N-3) in the area of 1659 cm-’ 
are extremely poor. Removing the peaks results 
in some extremely broad peaks in the amide I 
region, which in turn influences the fit of the 
amide II region. It should be noted that FSD 
causes the component bands to have almost 
equal half-widths at half-heights, and in the work 
of Byler and Susi [3], the appearance of overly 
broad component bands in the nonlinear regres- 
sion analysis results were considered unaccept- 
able. The RMS values of the unacceptably poor 
fits are on the order of three to six times higher 
than the best fits (see Table 1). Despite the im- 
proved fits (better RMS values), the number of 
peaks which exist under the amide 1 or II envel- 
ope should be based upon more theoretically and 
statistically sound concepts to prove the above 
hypothesis. 

Rusling et al. [l l] have successfully used the 
sum of squares principle and the extra sum of 
squares F-test to determine the confidence level of 
whether an electrochemically active compound 
binds to a detergent micelle according to a 
monophasic or biphasic mechanism. In our study, 
Eq. (1) (Eq. (14) of Rusling et al. (11)) relates the 
RMS and the degrees of freedom (which is 
defined as the number of data points (n) minus 

F 
(S, - &MP2 -P,) 

(P2 PI.” P2)= S,‘(n -P2) 
(1) 

the number of parameters (bands, p) in the non- 
linear regression analysis) to an F-ratio, which in 
turn can be used in conjunction with standard 
F-test tables to obtain the confidence level with 
which the model with the smaller number of 
degrees of freedom fits the data better. 

In the third column of Table 1, the probabilities 
(p ) are calculated for N number of bands from 
the RMS values in the N and N - 1 columns. In 
all cases, it is noted that the probability of N 
bands yields a confidence level of over 99%. 
Therefore using N bands is well-determined on a 
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Influence of number of Gausstan peaks on RMS values 

Protein ‘V RMS,,p p I’ (‘!<a) RMS,, ~, RMS,V 1 RMS,v- 3 

Lysozyme 28 0.00025 1. > 99 0.00157 0.00176 0.00187 
Trypsin 25 0.000362, > 99 0.00140 0.00222 0.00281 
Elastase 24 0.000624, > 99 0.00174 0.00191 0.00197 
Myoglobin 17 0.000306, > 99 0.00154 0.00161 0.00166 
Papain 26 0.000759, >99 0.00201 0.00213 0.00236 

.’ Probability confidence level with which RMS,V can be considered signilicantly smaller than RMS,Vm, after correction for degrees 
of freedom in each nonlinear regression fit analysis. 

statistical basis. This calculation has been used 
for the remaining proteins in our database (see 
Table 2 for the list of proteins) which gives 
a statistical confidence for the number of com- 
ponent bands found for each protein. Such statis- 
tical tests should be utilized by all investigators 
when performing nonlinear regression analysis. 
The use of this statistical method clearly adds 
confidence to the choice in the number of compo- 
nent bands. 

The above discussion deals with the error in 
choosing too few bands in the nonlinear regres- 
sion analysis to fit the amide I and I1 envelopes. 
The opposite consideration would be choosing 
too many bands. One could argue that choosing 
an infinite number of infinitely narrow bands 
would lead to an exact fit. For an integral in 
calculus. this would be true, but in FTIR there are 
certain theoretical and realistic constraints avail- 
able which control the maximum number of 
bands chosen. Theoretically, the number and po- 
sition of bands should correlate with the calcu- 
lated theoretical values of Krimm and Bandekar 
[lo]. Realistically, the number of bands and their 
positions should approximate the number of 
bands observed in the second-derivative and FSD 
spectra. The approximate number of bands indi- 
cated by the second-derivative and FSD spectra 
will vary with the parameters chosen to carry out 
those analyses (e.g. the degree of smoothing cho- 
sen for the second-derivative spectra, or the REF 
and half-width at half-height chosen for the FSD 
spectra), so these values should not limit the 
number of bands in the nonlinear regression anal- 
ysis, but should represent a good number to begin 
the regression analysis. The above theoretical and 

realistic constraints should be considered when 
adding bands to the regression analysis. 

An additional theoretical and realistic concern 
is that there can be no negative bands in fits for 
vibrational spectra. A feature of the ABACUS soft- 
ware we use for our nonlinear regression analysis 
is our ability to set a lower boundary for the 
heights of the bands at zero. So when we add too 
many bands, we have found the unnecessary 
bands (Nf 1, N+2,. . .) approach zero height. 
When this occurs, they are removed from the 
analysis and no additional bands are added. 

3.3. Secondary structure assignment and 
theoretical just$ication 

Controversy also exists in the literature con- 
cerning the assignment of the frequency of peaks 
to unique protein secondary structure. Studies 
attempting to resolve this issue have ranged from 
the theoretical to the experimental, as well as 
combinations of both. 

Because of discrepancies with peak assign- 
ments, we have tentatively assigned our secondary 
structural elements to agree with the assignments 
of the following investigators: Byler and Farrell 
[4], Dong et al. [2], Dousseau et al. [12], Dousseau 
and Pezole [9], Krimm and Bandekar [lo], Ku- 
mosinski and Farrell [13], noting of course, that 
these assignments can change in the future. We 
shall assign the r-helix structure to 1650-1660 
cm-‘, the irregular or disordered structure to 
1642- 1648 cm ‘, the strand or extended structure 
to 1624- 1638 cm-‘, and the turn conformations 
to all frequencies above 1670 cm- ’ up to 1695 
cm-‘. No attempt will be made to distinguish the 



T.F. Kurno.sitzskr, J.J. Chruh Tulcrrrrcr 4.1 (19Yh) IYY 219 209 

Table 2 
Percent influence of side chain glutamine and asparagine 

Protein 1651 cm-’ (C-N) I667 cm ’ (C-0) “A, Glutamine and asparagine 

Hemoglobin 19.8 + 0.7 7.2 * 0.3 5.4 
Myoglobin 31.2,0.6 5.5 f 0.4 3.4 
Cytochrome C 18.3 + 2.2 6.1 2 0.4 3.6 
Lysozyme 11.4F0.3 14.6 i 0.4 8.6 
Ribonuclease 6.4 t 0.5 13.6* 1.3 8.9 
Papain 12.3 * 1.2 22.8 & 0.8 8.3 
Pancreatic trypsin inhibitor 4.0 + 0.4 5.1 * 1.3 5.4 
r-Chymotrypsin I I .6 * I .2 11.5&0.3 7.0 
Trypsin 8.4 * 0.5 9.3 f 1.1 7.9 
Elastase 8.0 * 0.5 10.0 & 0.3 8.7 
Carbonic anhydrase I I .3 f 0.6 8.6 * 0.5 6.1 
P-Lactoglobulin 9.7 & 0.3 10.0 * 0.4 6.3 
Concanavalin A I I .o & 0.9 8.3 f 0.6 5.5 

type of turns assigned to frequency ranges in this 
study. 

To add a theoretical basis for the nonlinear 
regression model and the tentative frequency as- 
signments that were chosen, we turn our attention 
to the theoretical work of Torii and Tasumi [14- 
16]. In a series of papers they have developed a 
model for the calculation of amide I envelopes 
from the X-ray crystallographic data of proteins. 
Their model consists of assigning one oscillator 
with a transition dipole to each peptide group. 
Coupling between these oscillators is then intro- 
duced through a transition dipole coupling mech- 
anism. While this method allows for faster 
computational times, contributions from disulhde 
bonds and side chain-side chain and side chain- 
backbone are nonexistent. In one paper by Torii 
and Tasumi [14]. the theoretical FTIR amide 1 
spectrum of lysozyme was calculated using the 
X-ray crystallographic data. In their calculation, 
they utilized a Gaussian envelope with a half- 
width at helf-height of 3.0 cm- ’ for each peptide 
oscillator. Their calculations were used to qualita- 
tively compare theoretical spectra of several 
proteins with their experimental counterparts in 
D,O, so the force constants used were optimized 
to agree with D,O and not H,O results. For all 
the above reasons we cannot exactly compare our 
experimental results for lysozyme with their theo- 
retical spectrum. We can, however, deconvolve 
their spectrum for lysozyme into the component 

Gaussian peaks using nonlinear regression analy- 
sis and compare the number of peaks and frac- 
tional areas with our experimental FTIR 
spectrum. Here, it must be stressed that the theo- 
retical spectrum must contain at least but not less 
than the same number of bands in our experimen- 
tally analyzed spectrum. 

Fig. 5 shows the deconvolved theoretical FTIR 
spectra from Torii and Tasumi [14] with the best 
fit of the sum of 14 Gaussian bands for the amide 
I region. Attempts to use less than 14 bands 
resulted in poor fits, while the addition of more 

1720 1700 1680 1660 1640 1620 1600 

WAVENUMBER, cm-’ 

Fig. 5. Best fits by nonlinear regression analysis using the 
amide I band of lysozyme. (From theoretical calculations of 
Torii and Tasumi 1141.) 
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peaks caused the height of the extra bands to 
approach a zero or negative value. Calculation of 
the percentage of extended, helix, turn and irregu- 
lar structure from the fractional areas of Fig. 5. 
and using the above assignments, yields values 
of 25.2%, 26.0X, 36.3% and 12.5”/0. respectively. 
Inspection of Tables 3, 4 and 5 yields experimental 
values of 28.9”% 23.4% 32.6”/0 and 15.3”/0 for 
the percentage of extended, helix, turn and irregu- 
lar conformation of lysozyme, respectively. The 
agreement between the theoretical calculations 
and the experimental data is acceptable because 
of the assumptions in the calculation of Torii 
and Tasumi [14]. Other proteins which were com- 
mon to both studies (myoglobin, concanavalin 
A, trypsin, and ribonuclease) also yielded com- 
parable results well within a 5% deviation. It also 
should be noted that the model of Torii and 
Tasumi [14- 161 does not take into account any 
water interactions or internal dynamic motion of 
the structure which would occur for a protein in 
solution. 

4. Discussion 

4. I. Contribution of usparugine (ASN) and 
glutamine (GLN) side chains 

Recently, Venyaminov et al. [19] performed 
FTIR experiments on amino acids in water and 
deconvolved the spectra into component bands to 
ascertain the influence of side chains on the over- 
all amide I envelope. They found that large bands 
due to the side chains of arginine (ARG), ASN 
and GLN exist within the amide I envelope. In 
subsequent articles [I 7,181, they attempted to 
eliminate side-chain contributions to the amide I 
and II envelopes by subtracting, on a molar basis, 
the amino acid side-chain absorptions from the 
amide I and II regions of the protein absorptions. 
They assumed that the absorptivity of the side 
chains of free amino acids and those in proteins 
were equivalent. This assumption may not be 
valid, when the dipolar coupling and energy 
changes are considered for the side chain which 
now is part of a compact globular protein struc- 
ture. Finally, the DuPont curve analyzer used in 

Table 3 
Percent extended structure 

Protein FTlR .a result R h result 

Hemoglobin 7.7 
Myoglobin 10.4 
Cytochrome C 10.5 
Lysozyme 29.6 
Ribonuclease 41.3 
Papain 22.2 
Pancreatic trypsin inhibitor 31.8 
z-Chymotrypsin 38.8 
Trypsin 40.6 
Elastase 36.6 
Carbonic anhydrase 41.7 
/I-Lactoglobulin 44.5 
Concanavalin A 44.2 
Oxytocin 0 
Polylysine 0 
Polyaspartic 0 

.’ Average error, + I .6 cm ‘. 
h Ramachandran. 

8.2 
5.9 

II.6 
30.5 
31.5 
19.8 
29.5 
31.9 
39.6 
33.6 
36.0 
44.2 
44.5 

0 
0 
0 

the latter study has a limited range of applicability 
to FTIR experimental data. 

Basing our starting point on their results, we 
obtained spectra of ARC, polyARG. ASN, 
polyASN, GLN, and polyGLN in order to ana- 
lyze the results for side-chain contributions. We fit 
the spectra using our nonlinear regression 
methodology. For the free amino acids we found 
some differences in the frequencies for the pro- 
posed contributions. These differences are proba- 
bly due to the fact that Venyaminov et al. [19] 
subtracted the spectrum of alanine to arrive at the 
possible side-chain contributions of the amino 
acids. The frequency and the ratio of height to 
half-width at half-height need to be the same for 
spectral subtractions to be valid; this is not the 
case when subtracting alanine from ARG, ASN, 
or GLN spectra. Our methodology permits the 
identification of the side-chain contributions with- 
out the subtraction of the aniline spectrum. We 
found that the possible contribution for ASN and 
GLN is the same at 1668 cm-’ with a small band 
at 1650 cm ‘, while the possible contribution for 
ARG is at 1679 cm-‘. Further differences are 
noted for the polyamino acids. Here the influence 
of dipolar coupling is observed for the side-chain 



Table 4 
Percent helix structure 

Protein x 3 IO, Bent strand 

FTIR I’ result R b result FTIR ‘I result 

Hemoglobin 16.7 81.6 
Myoglobin 76.4 78.1 
Cytochrome C 46.2 44.6 
Lysozyme 25.6 27.1 
Ribonuclease 10.0 IS.0 
Papain 1.2 18.8 
Pancreatx trypsm inhibitor 4.2 12.0 
r-Chymotrypsin I I.9 12.4 
Trypsin 17.4 10.4 
Elastase 14.1 9.7 
Carbonic anhydrase 14.2 14.2 
p-Lactoglobulin 15.8 5.0 
Concanavalin A 13.6 I .I 
Oxytocin 0 0 
Polylqsine 0 0 
Polyaspartic 0 0 

1.2 
1.9 
2.2 4.0 
4.2 5.5 

10.3 8.8 
17.4 15.6 
0 6.9 BE’ 
3.5 6.8 
0 8.3 
0 8.2 
17 7.1 BE’ 
3.1 9.2 BE’ 
2.2 8.8 BEc 
0 0 
0 0 
0 0 

R h result 

“Average error r-helix, +0.8 cm-‘. 
b Ramachandran. 
c BE, bend strand. 

contributions of ASN and GLN but not 
for ARG. The contributions of ASN and GLN 
side chains relative to the amide I carbonyl 
band remains relatively the same while the ARG 
side-chain contribution relative to the amide I 
carbonyl decreases dramatically. Despite these 
differences we attempted to correlate the appro- 
priate side-chain contribution to band area with 
their percent content in the proteins in our data 
base. We only found significant contribution and 
correlation for ASN and GLN combined. While 
the contribution of ARG appears to be negligible, 
it should not be discounted until further analysis 
is carried out on other proteins which have a 
higher ARG content than our proteins; in the 
latter case the results might correlate well. 

Table 2 lists the area percent for the 1651 cm-l 
and 1667 cm-’ bands in the first and second 
columns, respectively, for the indicated proteins in 
our database. Column 3 lists the combined per- 
centage content of GLN and ASN residues 
present in the respective proteins. As can be seen, 
even though the global secondary structures of 
these proteins change with increasing row num- 

bers (i.e. ranging from almost pure helix to turn, 
and then to strand structures), the percentage 
areas of the 1651 and 1667 cm- ’ bands are rela- 
tively invariant, with the exception of myoglobin, 
hemoglobin and cytochrome C. Higher percent 
values of the 1651 cm- ’ band for these first three 
helical proteins occurs as a result of the overlap of 
the E band of the x-helix structure. If the 1651 
cm-’ bands of the three helical proteins are not 
considered, then a reasonable correlation exists 
between the experimental bands and the percent- 
age of ASN and GLN residues. The results of the 
linear regression analysis of the area percent of 
the 1651 and 1667 cm- ’ bands versus the percent 
GLN and ASN, where the percent areas of the 
165 1 cm ~ ’ for the first three predominately helical 
proteins (hemoglobin, myoglobin and cytochrome 
C) are eliminated from this analysis, yielded an 
intercept value of 2.83 (standard error, 2.06; 
g = 0.184) and a slope of 0.948 (standard error 
0.292; 0 = 0.00388). Thus, it appears that the 
intercept value could statistically have a zero 
value, with the slope having a value near unity. 
While the analysis suggests a correlation, it should 
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Table 5 

Percent non-periodic structure 

Protein Turn or twisted strand Irregular 

FTIR ’ result R h result FTIR d result R b result 

Hemoglobin 4.3 7.5 10.1 10.8 

Myoglobin 2.3 2.1 S.8 14.6 

Cytochrome C 37.9 35.8 3.1 3.1 

Lysoryme 28.1 26.6 12.5 9.6 

Ribonuclease 24.2 26.0 14.2 9.7 

Papain 43.3 39.6 15.7 6.2 

Pancreatic trypsin inhibitor 60.5 49.6 3.5 8.9 

;c-Chymotrypsin 25.2 22.8 20.6 20.1 

Trypsin 26.3 28.8 15.7 16.1 
Elastase 31.8 33.6 17.4 16.0 

Carbonic anhydrase 22.3 26.0 20. I 16.3 

/I-Lactoglobulin 17.3 21.2 19.3 20.4 

Concanavalin A 22.2 22.7 17.7 22.3 

Oxytocin 100.0 100.0 0 0 

Polylysine 0 0 100.0 100.0 

Polyaspartic 0 0 100.0 100.0 

.’ Average error: turn or twisted strand. + I.4 cm-‘: loop +0.8 cm- ‘. 

h R, Ramachandran. 

be viewed as an assumption. Only when the anal- 
ysis of at least 50 proteins yields similar results 
would this assumption be considered proven. In 
addition, new studies of deaminated proteins in 
HZ0 could help resolve this issue. 

For this report, we will assign these bands to 
GLN and ASN side-chain modes. Most likely the 
165 I cm- ’ band is assigned to a C-N deforma- 
tion and the 1667 cm ’ band is assigned to C=O 
stretch. The true fraction of GLN and ASN 
should be subtracted from the fractional areas of 
these bands and any excess area arising should be 
assigned to the appropriate global secondary 
structure. If the percentage of area is less than the 
percentage of GLN and ASN residues present, 
then the experimental areas should be subtracted 
from the amide I envelope and all the remaining 
bands should be normalized. 

Of paramount importance to predicting the 
global secondary structure of proteins (by cor- 
rectly interpreting the assignments of the FTIR 
amide I bands) is the correct calculation of the 

secondary structure from the results of X-ray 
crystallography. Not only is the amount of a-he- 
lix. turn and extended conformation important, 
but the length of the helix and extended confor- 
mation is important as well. In addition, whether 
or not internal backbone hydrogen bonding exists 
may also be relevant descriptors for correlation 
with the percent areas of the component bands of 
the amide I region. Until recently, researchers in 
this field used the values provided in the 
Brookhaven Protein Data Bank. However, no 
quantitative algorithm has been used for subdivid- 
ing the periodic structure. The values depend on 
the definitions of conformation adopted by each 
crystallographer. The definitions can, also, change 
over a period of time. What is needed, is an 
algorithm consistent with FTIR results to be used 
on all X-ray crystallographic structures. To date, 
no consensus in the scientific community for the 
appropriate algorithm has been found. 

Kalnin et al. [18] have recently subdivided both 
the helices and sheets into hydrogen-bonded 
and non-hydrogen-bonded conformations, which 
along with the turn and all other conformations 
form a basis of six instead of four conformations. 
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Fig. 6. Ramachandran plot from X-ray crystallographic structure of (A) myoglobin. and (B) lysozyme. 
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Their calculations, however, are correlated with 
FTIR results using factor analysis instead of non- 
linear regression analysis. They normalize the 
structures in their analyses (i.e. the total confor- 
mation of an individual protein adds up to 100%) 
and show reasonable correlation with FTIR re- 
sults. Other researchers using factor analysis (e.g. 
Pancoska et al. [20,21], Pancoska and Keiderling 
[22]) do not achieve the same good correlations 
- they use only four conformations and do not 
normalize structures to 100%. 

An algorithm developed recently in Liebman’s 
laboratory [23,24] shows good agreement with 
FTIR results when deconvolving the amide I into 
component bands. However, these experiments 
were performed only for serine proteases in D,O 
and were correlated with helix and extended struc- 
tures. While this method appears to be promising, 
it is still in its infancy and more correlations 
between experimental results and calculated frac- 
tions of conformations must be reported, and may 
ultimately be correlated with the Gaussian com- 
ponents described above. In this study, we use the 
traditional Ramachandran plot calculated from 
the X-ray crystallographic structure of proteins in 
conjunction with the secondary conformations re- 
ported in the protein data banks. We strongly 
stress at this time that the adoption of Ramachan- 

dran analysis does not in any way imply that the 
transitional dipolar coupling mechanisms of 
Krimm and Bandekar [lo] or Torii and Tasumi 
[14-161 do not apply here to the vibrational spec- 
troscopy of proteins. We believe their mechanisms 
are valid. 

Here, we use the Ramachandran plot as a 
method for corroborating the reported fractional 
values. If discrepancies exist, we use other molec- 
ular modeling techniques available in the Sybyl 
Molecular Modeling software (such as inspection 
by ribbon) in conjunction with the Ramachan- 
dran analysis. The latter analysis, of course, does 
not take into account the required minimum num- 
ber of sequential residues to sustain a periodic 
conformation. In Figs. 6A and 6B the Ramachan- 
dran plots are given for myoglobin and lysozyme, 
respectively. Fig. 6A shows a template Ra- 
machandran with theoretical curves for predomi- 
nately helical proteins. The broken lines in the 
upper left are for a p sheet structure. The solid 
circle next to it is defined as the second position 
for a a turn type II. Directly under this circle is 
the theoretical envelope for a one-residue inverse 
“a” (7) turn. Directly under the inverse “a” turn 
is the area which defines the 3/10 helix; the double 
line area represents the a-helix region. At the 
lower right hand region is an area representative 



214 T.F. Kumosinski, J.J. Unruh !  Talanta 43 (1996) 199-219 

of a type II #j’ turn, and above it is the area 
common for an “a” (7) turn. 

Fig. 6B uses a template plot which is more 
consistent with proteins containing a large 
amount of turn conformation. Here the broken 
lines and double lines represent the sheet and 
a-helix regions, respectively, as in Fig. 6A. Adja- 
cent to the sheet region is the second position for 
the type II /j’ turn and directly under that region is 
the envelope for the one-center inverse “a” turn. 
The third position for a type I and II p turn 
region is below the inverse “a” turn. Directly 
above the double-line acceptable region for an 
x-helix is the envelope for the second position of 
the type III p turn. In the lower right hand 
quadrant and proceeding upward are the accept- 
able regions for the conformations of the second 
position of a type II /? turn, an “a” turn, the third 
position of type I and II p turn, and the second 
position of type III b turn, respectively. Also 
shown in Fig. 6B (as + symbols) are the calcu- 
lated dihedral angles 4 and $, from the Sybyl 
modeling program analysis of the X-ray crystallo- 
graphic structure of lysozyme (6LYZ). 

A three-dimensional Ramachandran plot. 
where the residue number is plotted on the third 
axis, can also be calculated using the Sybyl molec- 
ular modeling software. With this plot, adjacent 
residues within a periodic structure as well as 
those residues which are part of a turn conforma- 
tion can easily be determined. With all the above 
analyses, the global secondary structure calculated 
from the crystallographic data for each of the 
proteins studied in the FTIR was calculated. The 
results along with the corresponding experimental 
values are presented in Tables 3, 4 and 5 for 
strand. helix. and turn with irregular, respectively. 
The results for each conformation will be dis- 
cussed in the following sections of this report. 

4.3. EAxtend (strand) content 

Table 3 shows a comparison between the exper- 
imentally determined global 2” structure of the 
extended conformation (column 2, headed FTIR) 
along with values calculated by the composite 
Ramachandran analysis (column 3, headed R). 
The amount of extended conformation was deter- 

mined from FTIR amide I results by summing the 
component bands from 1638 to 1623 cm-‘. Bands 
at frequencies lower than 1623 cm- ’ and closer to 
16 15 cm- ’ are presumed to be caused by unpro- 
tected side-chain carboxyl groups [lo]. Note that 
we assumed the bands (1638- 1623 cm-‘) quanti- 
tate not only the amount of sheet conformation 
but also extended or strand non-hydrogen-bonded 
structures, as did Prestrelski et al. [23-241. For a 
proper comparison, we sum all the points in the 
upper left hand quadrant of the Ramachandran 
plot for 4 values above 130”, as well as those 
within the sheet region. Connectivity for any ex- 
tended structure was determined using a three-di- 
mensional Ramachandran plot (not shown). 

As shown in Table 3, comparison between the 
experimental (FTIR) and calculated (R) extended 
conformation is excellent. Only in carbonic anhy- 
drase, a high helical protein, is the deviation 
greater than 4%. Quantitative correlation of the 
amount of extended structure determined via 
FTIR and Ramachandran analyses of the X-ray 
crystal structure for the 16 proteins in this data- 
base was accomplished using linear regression 
analysis and polynomial curve fitting analysis. 
Using the F-test, it was found for the helix, turn 
and irregular structure as well as the extended 
structure that linear regression analysis was the 
most statistically significant methodology. For the 
extended structure, linear regression analysis 
yielded an intercept of 0.65 + 0.95 (a = 0.49) and 
a slope of 1.03 f 0.03 (a = 0.0001). The standard 
deviation for the regression analysis was 2.07%. In 
addition, this good correlation for the extended 
structures is supported by the fact that all proteins 
except for carbonic anhydrase lie within the 0.95 
confidence level in the linear regression analysis. 
For carbonic anhydrase, if the excess amount of 
bent extended structure (calculated from Ra- 
machandran analysis in Table 4, last two 
columns) minus the amount from FTIR at 1667- 
1669 cm-i (i.e. 7.1 - 1.7 = 5.4) is added to the 
amount of extended structure from Ramachan- 
dran analysis in the last column of Table 3 (i.e. 
36.0 + 5.4 = 41.4), then good agreement is ob- 
tained with the experimental amount of extended 
structure via FTIR, 41.7. Thus, the need for bet- 
ter mathematical algorithms for the calculation of 
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global secondary substructure from the X-ray 
crystal structure is imperative for correlating with 
FTIR global secondary structure. 

We compared our results for trypsin, r-chy- 
motrypsin and elastase with those reported by 
Liebman’s group - calculated and experimen- 
tally determined values in D20 [23,24]. Values 
calculated using the Liebman algorithms were 42, 
42 and 37. Their experimental results were 39, 45, 
and 46, while our experimental values were 41, 39 
and 37, (all values respective to trypsin, r-chy- 
motrypsin, and elastase). While both our experi- 
mental values for trypsin and x-chymotrypsin 
agree equally with the calculated values, our elas- 
tase value of 37 is more in agreement with the 
calculated value of 37 than the experimental value 
of 46% in D,O [23,24]. This adds further support 
for our methodology and the supposition that the 
amount of GLN and ASN side-chain residues 
must be subtracted from the !667 and 165 1 cm- ’ 
component amide I bands. 

4.4. Helix content 

Table 4 lists the calculated and experimental 
results for the x-helix (columns I-3) 3110 helix 
(columns 5. 6). Linear regression analysis of the 
amount of helical structure determined via FTIR 
versus the amount calculated from three-dimen- 
sional Ramachandran analysis of the X-ray struc- 
ture for these 16 proteins yielded an intercept of 
2.13 f 1.81 ((T = 0.26) and a slope of 0.92 f 0.06 
(0 = 0.0001). The standard deviation of the re- 
gression analysis was 5.6%. which is significantly 
larger than the error calculated for the amount of 
extended structure, especially for the low content 
helical proteins. In fact, five proteins did not fall 
within the 95’% confidence region. Close inspec- 
tion of these differences may provide a rationale 
for the change. Not counting the high helical 
proteins (hemoglobin and myoglobin) we observe 
that the largest differences occur for ribonuclease, 
the serine protease system (i.e. pancreatic trypsin 
inhibitor (PTI), and trypsin), concanavalin A 
(CON A) and /J-lactoglobulin. The last two 
proteins in this series contain significant amounts 
of P-barrel structures. Such structures appear as 
antiparallel p-sheets which are highly bent. The 

Ramachandran plots of these proteins also yield 
points in the lower left quadrant which is nor- 
mally considered a forbidden region. The Ra- 
machandran plots for the serine proteases also 
contain some 4, t++ angles in this region. Hence, 
the discrepancy in the experimental and calculated 
helical content for concanavalin A, a-lactoglobu- 
lin and perhaps the serine proteases may be 
caused by b-barrels which could have bands at 
1658 + 2 cm- ‘. More experimental and theoreti- 
cal studies must be performed before this hypoth- 
esis can be concluded. But since ribonuclease 
contains no p-barrel, inspection of the work of 
Kalnin et al. [18] may provide an answer to the 
discrepancy. In their study, the r-helix was subdi- 
vided into an ordered and unordered class as was 
the sheet structure. They calculated values of 13% 
and 10% for their ordered and unordered a-helix 
and found experimental values of 11% and 80/o, 
respectively. Upon inspection of the ribbon struc- 
ture, a major distortion of the helical region of 
ribonuclease is found. In addition, a value of 
10.3% has been obtained from the excess area of 
the 1667 cm ’ band which we have assigned as a 
3110 helix, in accordance with the results of 
Krimm and Bandekar [IO]. If the x-helix and 3/10 
helix values are summed they add up to more 
acceptable values. However, the Ramachandran 
plot for ribonuclease shows 11 residues within the 
type III or 3110 helix region which calculates to a 
theoretical value of 8.8% for these possible con- 
formations. It should also be stressed that Kalnin 
et al. [18] calculates an ordered r-helix conforma- 
tion of 27% for lysozyme which agrees well with 
our experimental and theoretical values of 25.6% 
and 27.1%. Therefore, we believe that the dis- 
crepancy for the ribonuclease helical structure is 
the result of its structure, which our Ramachan- 
dran analysis could not adequately calculate. 

The discrepancy between the amount of helix 
determined from Ramachandran analysis and 
FTIR experiments for trypsin can be easily ex- 
plained by closer inspection of Table 4. Ra- 
machandran analysis of trypsin yields 10.4% 
x-helix, and 8.3% 3110 helix content where the 
experimentally determined values from FTIR are 
17.4%) and 0% respectively. As can be seen in the 
Ramachandran plot for myoglobin (Fig. 6A), 



there is a large overlap between the acceptable 
regions for the SI and 3/10 helixes. This is due to 
the small differences between their respective 4 
and ‘j values. For this reason it is not possible by 
this method to precisely determine the differences 
between these two structures. Moreover, a protein 
in solution does not adopt a static structure but 
an average dynamic structure. The dynamic struc- 
ture, due to thermal fluctuations, causes internal 
motions within the solvated protein configuration. 
Under these circumstances, the 4, ti angles for a 
3/10 helix may easily change to those for 
an cc-helix. Only intense molecular dynamics cal- 
culations of a protein in water can attempt to 
approximate the dynamic motions of a protein. 
However, for this study it will be assumed that the 
3110 helix calculated via Ramachandran analysis 
closely approximates an a-helix. Therefore. we 
now change the value of the x-helix calculated 
from Ramachandran analysis to 18.7% 
(= 10.4% + 8.3%) which more closely agrees with 
the experimental value of 17.4%. 

It should be stated that the 1676 cm ~ ’ band 
was also summed along with the excess area for 
the 1651 cm-’ band, and the 1658 cm-’ band for 
obtaining the total r-helix content of hemoglobin 
and myoglobin. The 1676 cm- ’ band represented 
approximately 17% of the total helical structure. 
The areas of the 1658 cm ~ ’ and 1651 cm- ’ bands 
summed to 63%, and a value of 63% was also 
calculated as the amount of unordered helix con- 
tent in myoglobin by Kalnin et al. [18]. Moreover, 
close inspection of the ribboned structures of 
hemoglobin and myoglobin reveal highly dis- 
torted helical segments which could not be ob- 
served using Ramachandran analysis. The 1676 
cm-’ band, assigned by Krimm and Bandekar 
[lo] as a turn may be reflective of a type III 
D-turn. Such a turn would have 4, 50 values 
seriously overlapping the x-helical region of a 
Ramachandran plot (see Fig. 6B). Nevertheless, 
for high helical proteins (i.e. above 55%) it may be 
more prudent for investigators to utilize UV cir- 
cular dichroism analysis, because as Torii and 
Tasumi [14- 161 have recently reported, a serious 
overlap of E and A bands for cr-helices with 
varying lengths occurs, thus resulting in theoreti- 
cal amide I envelopes which contain bands well 

below the 1650 cm-’ region. With lower helical 
proteins, FTIR correlates much better than circu- 
lar dichroism since the turn conformation can be 
more easily determined. 

Finally, the excess areas in the 1667 cm-’ band 
above the GLN and ASN side-chain contribution 
is shown in Table 4 as a 3/10 helix or bent strand, 
i.e. a possible “a” turn. These small values cannot 
be easily correlated with Ramachandran analysis 
and no firm assignments are made. Excellent cor- 
relation between three-dimensional Ramachan- 
dran analysis and FTIR determination of the 
x-helix at 1659 cm ’ and the 3110 helix at 1667 

’ is obtained for papain (see Table 4). How- 
z:r, we do not observe any large amounts of 3/10 
helix in lysozyme, especially in the 1638 cm-’ 
region where Prestrelski et al. [23,24] have con- 
cluded that such 3/10 helical bands exist. While 
we have not performed any experiments on cr-lac- 
talbumin, we still concur with the assignment of 
Krimm and Bandekar [IO] that the 3110 helix is in 
the range of 1665 cm-’ rather than in the low 
range of 16388 1640 cm ’ as reported by Prestrel- 
ski et al. [23,24]. Perhaps this discrepancy may be 
explained by the fact that their experiments were 
performed in D,O rather than in H,O. 

With the above changes in the a-helix percent- 
ages, we can now recalculate the correlation (via 
linear regression analysis) between the experimen- 
tally determined FTIR values and the Ramachan- 
dran calculated amount of a-helix. 

4.5. Turn und irregular content 

Table 5 shows the turn and irregular content 
determined experimentally from analysis of the 
FTIR amide I band and calculated from the 
three-dimensional Ramachandran analysis of X- 
ray crystallographic structures of the 16 listed 
proteins. The turn content was determined from 
the sum of all amide I bands from 1670 to 1694 
cm-‘. The irregular content was calculated from 
the normalized area of the 1646 k 2 cm-’ band. 
The irregular theoretical structure was calculated 
as all other structure not defined by this analysis. 
Good agreement between the experimental and 
theoretical values is observed with the standard 
deviations from the regression analysis of 3.6% 



and 3.2”/0 calculated for the turn and irregular 
content, respectively. Linear regression analysis of 
the FTIR values vs. the Ramachandran values 
yielded an intercept of 0.97 i 1.39 (a = 0.49) and 
a slope of 1.00 f 0.04 (a = 0.0001) calculated for 
the turn conformation, and an intercept of 
-0.75 ? 1.02 (c = 0.98) and a slope of 1.01 i 0.03 
(a = 0.0001) calculated for the irregular or “all 
other” conformation. These values for the turn 
and irregular conformations are well within the 
standard deviations observed in the strand and 
cc-helix content, i.e. 2.1% and 5.5%. However, it 
should be noted that in the case of cytochrome C 
and /?-lactoglobulin, 4 and I/ values exist in the 
upper right hand region of the Ramachandran 
plot. Although this region has been considered 
forbidden, closer inspection shows that these 4 
and (I/ values are a result of twisted sheets. Hence, 
since no other proteins in this database exhibited 
4 and $ values in this region, we have concluded 
that the 1676 cm- ’ band may also be assigned to 
a twisted strand. However, more studies must be 
performed before a definite assignment can be 
made. 

5. Conclusions 

Calculation of the component 2” structural ele- 
ments of the vibrational bands, i.e. approximately 
25 Gaussian bands, was accomplished by fitting 
both the amide I and II bands using nonlinear 
regression analysis of the Fourier self-deconvo- 
luted spectrum, the second-derivative spectrum, 
and the original spectrum. Fixed frequencies ini- 
tially used in the original spectral analysis were 
obtained from both the FSD spectrum and the 
second-derivative analyses. The criterion for the 
acceptance of any analysis was that the fractional 
areas calculated from all three methods were in 
agreement (within experimental error calculated 
from the nonlinear regression analysis). Results 
clearly show that 2” structural conformations de- 
termined in water were in better agreement with 
global 2” structural analysis of X-ray structures 
than the previously reported values determined in 
D,O. Also, with HzO. the 2” structural elements 
can be calculated from the amide II envelope to 

be used for validation of amide I assignments. In 
addition, the resolution of amide I spectra in 
water is greater than that in D,O as observed in 
comparable second-derivative spectra and lower 
half-width values of 9 instead of 13- 18 cm-’ for 
the HZ0 and D,O spectra, respectively. The dete- 
rioration of resolution of FTIR spectra in D,O 
may result primarily from the incomplete ex- 
change of protein protons to deuterons. These 
results lay the foundation for the study of confor- 
mational changes in proteins induced by ligands, 
consolutes or perhaps structural changes from 
site-directed mutagenesis [7], and in other system 
applications where for example DzO may obscure 
water-protein interactions. 

In this study, we have presented a method for 
analyzing the FTIR of proteins in water and 
determining their global secondary structure. 
Analysis of 16 proteins whose X-ray crystallo- 
graphic structures are known showed agreement 
of secondary structure content to within 226% 
between the experimental FTIR and the X-ray 
coordinate calculations. The bands which are as- 
signed to these structures are shown in Table 6 
along with their tentative structural assignments. 
These assignments dither from previous assign- 
ments for only the GLN and ASN side-chain 
contributions and the 1675 cm- ’ band which is 
now assigned to a turn rather than to an extended 
conformation. The high frequency p structure 
band at 1675 cm- ’ reported by Byler and Susi [3] 
was not observed in this study. In our data base 
we have tentatively assigned this frequency as a 
turn conformation. This discrepancy may have 
arisen from the fact that Byler and Susi [3] did not 
consider turn conformations in their study, nor 
did they account for GLN or ASP side-chain 
contributions. In this study we tentatively assign 
the 1676 cm- ’ band to the “a” turn conforma- 
tion. While these results are quite promising, it 
must be stressed that only after a database of at 
least 50 proteins is obtained can any definite 
conclusions be reached. It is hoped that this study 
will inspire other investigators to adopt this 
methodology and add more information to in- 
crease this database above 16 proteins. 

There are recent reports in the literature on the 
potential of FTIR to evaluate the global 2” struc- 
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ture of proteins which discuss the limitations of 
“band-narrowing” methodologies used to analyze 
FTIR spectra of proteins [2.5,26]. Our methodol- 
ogy addresses some of these limitations. 

(1) We have eliminated atmospheric water 
completely with a thorough dry nitrogen purge 
and an accurate vapor spectra subtraction. 

(11) We reanalyze each protein’s X-ray crystal 
structure data using three-dimensional Ra- 
machandran analysis. This ensures a consistent 2” 
structural X-ray analysis procedure from which to 
compare the protein structures obtained by FTIR. 

(2) We have considered the influence of side- 
chain absorptions, and recommend compensating 
for ASN and GLN side-chain absorptions as de- 
scribed above. 

(12) Finally, we recommend the use of amino 
acid secondary-sequenced-based prediction al- 
gorithms in conjunction with FTIR to analyze 
proteins with unknown structure. 

(3) We obtain a large number of interfero- 
grams to insure a high signal-to-noise ratio (S/N). 
A high S/N is necessary to ensure accurate vapor 
and buffer subtractions. A high S/N also reduces 
the influence of the instrumental noise. 
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Abstract 

Silicon was quantitatively determined in respirable silica dusts and silica fume by FT-Raman spectroscopy using 
barium sulfate as an internal standard. Barium sulfate was selected as the standard as its Raman spectrum does not 
overlap with that of silicon and its scattering cross-section is significantly lower. This allowed silicon admixed with 
barium sulfate in ratios as low as 0.00003 to be detected. The laser beam was defocussed to cover the sample area. 
128 scans at 4 cm-’ resolution with 600 mW of power at the sample achieved a detection limit of 0.1 ,ug of silicon 
in a 5 mg sample. Silicon to BaSO, ratios in the range 0.00003~0.06 showed a near linear response with any decade 
change being linear. The RSD for this analytical method was &2’%. Silica fume and respirable silica dust showed 
silicon concentrations to be in the range 2.6-51.5 ppm and 0.05-0.7 mg me3 respectively. 

Keywords: Silicon: Silica dust; FT-Raman spectroscopy 

1. Introduction 

Silicon is manufactured by the reduction of 
high grade quartzite with charcoal and coal at 
temperatures of up to 1780°C using graphite elec- 
trodes in a submerged electric arc furnace. While 
there are a few less important reactions, the fol- 
lowing represents the main reaction sequence [l]: 

SiO,(l) + C(s) + SiO(g) + CO(g) 

SiO(g) + 2C(s) + Sic(s) + CO(g) 

Sic(s) + SiO,(l) -+ Si(1) + SiO(g) + CO(g) 

* Corresponding author. Fax: (61) 9-351-2300. 

A by-product of the process is silica fume which is 
formed when unreacted silicon monoxide is oxi- 
dised in the upper reaches of the furnace: 

ZSiO(g) + O,(g) -+ 2SiO,(s) 

The silica fume is mainly comprised of amor- 
phous silica but also contains approximately 4% 
free carbon, 2% silicon carbide, 4% crystalline 
silica and very low levels of silicon [2,3]. A knowl- 
edge of the silicon content of silica fume and 
respirable silica dusts is important for two rea- 
sons. There have been three reports of explosions 
when the levels of silicon in silica fume have 
exceeded 1%. The presence of silicon in silica 
fume leads to the formation of hydrogen gas 

0039.9140/96j$15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01728-3 
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Table 1 
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Pressed powder standards 

Standard Wt. Si 

(mg) 

Wt. BaSO, Mass ratio 

0-w) Si:BaSO, 
Intensity ratio 
Si:BaSO, 

1 13.25000 23 1.66000 0.0571960 46.0629 

2 4.0400 397.0400 0.0101753 10.0241 
3 2.16731 291.98269 0.0072733 7.2341 
4 0.16384 228.23616 0.0007179 0.9153 

5 0.16980 338.19020 0.0005022 0.5549 

6 0.00998 341.95002 0.0000292 0.0616 
7 0.00051 275.92949 0.0000018 0.0279 

when the metal comes in contact with the alkaline 
environment. To prevent such occurrences, the 
maximum permissible quantity of silicon in silica 
fume has been set at 0.2% [4]. Occupational 
Health and Safety requirements demand that the 
air quality at the plant is regularly sampled near 
the tapping floor. While crystalline silica has a 
greater potential for causing silicosis [5-71, it has 
been shown that crystalline silicon can also induce 
silicosis [8]. The current exposure limit set for 
silicon in respirable silica dusts in Western Aus- 
tralia is 5 mg mP3 [9]. 

Current methods for determining low concen- 
trations of silicon are complex and time-consum- 
ing [lo, 111. Crystalline silicon has a tetrahedral 
diamond-like structure and its Raman-active sym- 
metrical stretch occurs at 519 cm-‘. In the present 
paper the viability of this stretch was evaluated 
for quantitative solid state analysis. The major 
problems addressed, as with any solid state Ra- 
man method, were the selection of a suitable 
standard, homogeneous sample dispersion and 
full Raman illumination of the entire sample. 

2. Experimental 

2. I. Samples 

The silica fume and respirable silica dust sam- 
ples were provided by Simcoa Operations, Kemer- 
ton, W.A. The eight silica fume samples were 
taken at irregular intervals from the fume dis- 
charge line to the baghouse and the five respirable 
silica dust samples were collected at irregular in- 

tervals by filtering 0.8 m3 of air at the tapping 
floor. 

2.2. Reagents 

Barium sulfate, AR Grade, BDH, dried at 90°C 
for 24 h. Hydrofluoric acid, 48%, AR Grade, 
Merck. Silicon, 99.8%, Simcoa Operations, 
ground to < 100 pm. 

2.3. Internal standard 

Barium sulfate was chosen as the internal stan- 
dard as it possesses an intense sharp Raman peak 
at 986 cm- ‘, sufficiently removed from the silicon 
peak at 5 19 cm ~ ’ . The pressed powder standards 
were prepared by homogenising various ratios 
of the silicon and barium sulfate as shown in 
Table 1. 

2.4. Preparation of samples for Raman analysis 

The respirable silica dust and silica fume sam- 
ples were analysed as pressed powders. The res- 
pirable silica dust samples were prepared by 
intimately hand-mixing, in an agate mortar and 
pestle, the required amount of barium sulfate to 
make the total weight of sample 30 mg. 5 mg of 
sample was then compressed, by hand, into a 
stainless-steel sample holder with a 1.7 mm di- 
ameter, 0.5 mm deep, conical sample cavity. 

The silica fume samples were treated with hy- 
drofluoric acid prior to Raman analysis to remove 
amorphous and crystalline silica. They were also 
heated to remove all the free carbon. Approxi- 
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Fig. I. Duplicate Raman spectra of typical pressed powder 
standard. 

mately 10 g of silica fume, in duplicate, was 
accurately weighed in a 500 ml Teflon beaker and 
treated with 40 ml of hydrofluoric acid. The solu- 
tion was diluted to 400 ml and filtered through a 
Whatman 541 filter paper, dried at 110°C and 
weighed. The residue was then ashed in a porce- 
lain crucible at 550°C for 2 h and reweighed when 
cool. The samples were determined in the same 
manner as the respirable samples. 

2.5. Instruments 

All spectra were obtained with a Bruker 
RFS 100 FT-Raman Spectrometer using a 1064 
nm excitation laser in the 180” back-scatter mode. 
128 scans were taken at 4 cm - ’ resolution using 
600 mW of laser power at the sample. The soft- 
ware package was OPUS Version 1.5~ Beta, en- 
abling peak heights and areas to be determined 
with high accuracy. Standards were weighed using 
a Sartorius R200D semi-micro balance accurate 
to five decimal places. 

Table 2 
Silicon content of respirable dusts 

3. Results and discussion 

The Raman spectrum of pressed powder stan- 
dard 4, in duplicate, is shown in Fig. 1. The sharp 
peaks of barium sulfate and silicon are seen at 986 
cm-’ and 519 cm- ’ respectively. The figure shows 
the high degree of precision that can be obtained 
by this method. 

The calibration plot for the whole range of the 
intensity ratio versus the concentration ratio 
showed curvature, and thus calibration plots were 
established for low (0.0001~0.0008), middle 
(0.002-0.012) and high (O.OlLO.06) range stan- 
dards The calibration plots for the low, middle 
and high standards all showed excellent linearity 
with correlation coefficients of 0.9987, 0.9999 and 
0.9989 respectively. The equations for each line 
are: 

I = 1.4542 + 806.875C (high) 

I= 0.1191 + 970.365C (middle) 

I = 0.01996 + 1137.55OC (low) 

where I is the intensity of silicon(5 19 cm- ‘)jinten- 
sity of barium sulfate(986 cm-‘) and C is the 
weight of silicon/weight of barium sulfate. Ac- 
quiring 256 scans at 4 cm- ’ resolution with 600 
mW of defocussed laser power and a 5 mg sample 
mixed with 10 mg of barium sulfate gave a detec- 
tion limit ratio of Si/BaSO, = 0.00002, which cor- 
responds to 0.1 pg of silicon in the sample (i.e. 20 
ppm). A greater number of scans could be used to 
improve this detection limit if required, A reduc- 
tion of resolution to 8 cm-’ may then be’,useful to 
reduce acquisition times. 

The results for the silicon content of the res- 
pirable dust samples are shown in Table 2. The 

Sample Intensity ratio 
Si:BaSo, 

Cont. ratio 
Si/BaSO, 

Wt. Si 
(mg) 

Si in dust 
(‘Xl) 

Si in air 

(mg mm’) 

1 0.0154 0.1140 0.0037 0.15 0.19 
2 0.0249 0.1707 0.0072 0.55 0.69 
3 0.0135 0.095 1 0.0026 0.04 0.05 
4 0.0072 0.2692 0.0043 0.14 0.17 
5 0.0133 0.0823 0.0026 0.13 0.16 
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Table 3. 
Silicon content of silica fume 

Sample Intensity ratio Cont. ratio Wt. Si Si in dust 
Si:BaSO, Si/BaSO, (mg) (rv-0 

1 0.7509 0.0007 I 0.05 2.6 
2 1.9243 0.00191 0.21 5.3 
3 4.5988 0.00465 0.49 4.0 
4 9.8677 0.01003 1.06 51.5 
5 2.4029 0.00234 0.33 5.9 
6 2.3069 0.00230 0.54 21.7 
7 0.8924 0.00086 0.13 5.5 
8 3.4886 0.0035 1 0.30 4.5 

silicon content of the respirable dusts was found 
to range from 0.04 to 0.55%, corrresponding to a 
silicon content in air of 0.05-0.7 mg me3 respec- 
tively. A typical respirable dust weight of 10.6 mg 
gave a Si/BaSO, ratio of 0.000083 from a Raman 
intensity ratio of 0.114. The data obtained for the 
respirable dusts were well within the Occupational 
Health and Safety requirement of 5 mg mP3 [9]. 

The results for the silicon content of the silica 
fume samples are shown in Table 3. The silicon 
content was found to range from 2.6 to 51.5 ppm. 
A typical fume sample of about 100 mg gave a 
Si/BaSO, ratio of 0.0024 from a Raman intensity 
ratio of 2.403. The data for the fume samples 
indicated only trace levels of silicon in the fume 
and no cause for concern in relation to explosions 
in alkaline cement environments [4]. 

4. Conclusions 

A quantitative method for the determination of 
low levels of silicon in respirable silica dust and 
silica fume has been developed. The method has 
good sensitivity, a good dynamic range and very 
good reproducibility. Concentrations of silicon in 
the respirable dusts and silica fume were found to 
range from 0.0550.7 mg mP3 and 2.6-51.5 ppm 

respectively. The detection limit for the analytical 
method was 0.1 pug of silicon in a 5 mg sample. 
The RSD for the analytical method was *2%. 
The values obtained for the respirable dusts were 
well within the Western Australian Occupational 
Health and Safety Standard for exposure to such 
dusts of 5 mg mP3, while the values obtained for 
silica fume were also within the prescribed limit. 
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Abstract 

A method for the direct determination of ATP that exhibits reasonable sensitivity, and responds to very few 
interferants, has been developed. The chelation-enhanced fluorescence between N-(anthracen-9’-yl methyl)tris(3- 
aminopropyl)amine and adenosine S-triphosphate is utilized in this determination. The method was tested in batch 
and flow-injection analysis (FIA) modes. The typical detection limit for FIA determination of ATP is 1 PM, with a 
linear range of 0.5% 100 ppm. A typical relative standard deviation at 20 ppm is 2.3%. 

Keywords: ATP; Chelation-enhanced fluorescence; Flow-injection analysis 

1. Introduction 

Determination of the adenosine phosphate 
compounds (ATP, ADP, AMP) is performed in 
many biological systems. The current methods for 
this determination are the widely used firefly luci- 
ferase [l-6] chemiluminescent method and the 
spectrophotometric monitoring of the enzymatic 
conversion of ATP to ADP [1,7,8]. In general 
these methods suffer from numerous interferants 
as well as limited linear range. Typically, the 
detection limits are in the 10 PM region for the 
spectrophotometric methods [l], and at the lo-lo 
M level for direct detection with luciferase in a 
flow-injection system [3], with a level of lo-l4 M 
having been reported [4]. These levels of detection 
are only achieved after separation from similar 

* Corresponding author. Fax: (513) 529-7284. 

compounds, or minimization of other interferants. 
The ideal method for ATP determination would 

not destroy the ATP in the sample, providing the 
possibility of further analysis, and would provide 
a large range for determination as well as a low 
level of detection without stringent requirements 
for pH and temperature. The method would also 
be selective for ATP without prior separation. 
One approach would be to use an anthrylmethyl- 
polyamine, N-(anthracen-9’-yl methyl)tris(3- 
aminopropyl)amine, and the chelation-enhanced 
fluorescence effect (CHEF) reported by Czarnik 
[9]. The CHEF effect measures the increase in 
fluorescence due to the formation of a chelate 
between the amine and the anion of interest. The 
magnitude of the formation constant for the 
chelation of the anion is proportional to the ob- 
served enhancement. This paper describes the in- 
vestigation of the anthrylmethylpolyamine, N-(an- 
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thracen-9’-yl methyl)tris(3-aminopropyl) amine as fluorescence measurements were performed on a 
an analytical reagent for ATP determinations. LS-50 Perkin-Elmer luminescence spectrometer. 

2. Experimental 

All starting materials were purchased from 
Aldrich. The amine, N-(anthracen-9’-yl 
methyl)tris(3-aminopropyl)amine was prepared by 
using tris(cyanoethyl)amine in the procedure of 
Van Winkle et al. [l 11. The next step is hydro- 
genation over Raney Nickel following the proce- 
dure of Chin et al. [12]. In the synthesis of 
N-(anthracen-9’-yl methyl)tris(3-aminopropyl)am- 
ine the procedure of Hutson [lo] was used, but 
with the following modifications. After the reac- 
tion was complete, the washing steps were per- 
formed, and the organic layer was dried over 
sodium carbonate. This was followed by solvent 
removal and drying on a rotovap. The elution 
through and alumina plug was not performed, 
because increased purity did not result from this 
step. The key to purity was the drying of the HCl 
salt under vacuum. The salt was dried in a drying 
pistol which was loaded with drying agent and 
held under vacuum for 24 h. If the sample was 
not completely dried, crystals would not form. 
Verification of the product was accomplished us- 
ing 200 MHz NMR data which were compared to 
the reported proton and 13C data of Czarnik [9]. 
The melting point of the crystals also matched 
Czarnik’s reported data. 

pH studies were performed using the above 
standard procedures, and by varying the pH of 
the MES buffer through addition of concentrated 
hydrochloric acid, or 50% NaOH. pH measure- 
ments were performed on a Fisher Scientific Ac- 
cumet pH meter. A blank fluorescence measure- 
ment was performed for each pH by addition of 3 
ml amine, 5 ml MES, and 3 ml of triply-distilled 
water. 

The study of interferer& was performed in 
several different ways. The initial screening of 
anions was done with many of the common 
anions at various concentrations to determine 
which compounds exhibited CHEF. The anions 
showing the largest enhancement (ADP and phos- 
phate) were studied further by adding different 
concentrations of the possible interferant to a 
standard sample containing 10 ppm ATP, and 
recording the relative intensity of the signal. 

The general procedure for preparation of the 
amine for analysis was as follows. N-(anthracen- 
9’-yl methyl)tris(3-aminopropyl)amine (2.79 mg) 
was dissolved in 1 1 of triply-distilled water to 
make 5 p M amine. 4-Morpholineethane-sulfonic 
acid (MES) (10.66 g) was dissolved in 1 1 triply- 
distilled water to make 0.05 M buffer which was 
adjusted to pH 6.0 by addition of 50% NaOH. 
Standard tioncentrations of ATP were prepared 
by dissolving an appropriate amount of adenosine 
5’-triphosphate, disodium salt hydrate, in triply- 
distilled water followed by appropriate dilution. 
The batch measurements were made by mixing 3 
ml of amine, 5 ml of MES, and 4 ml of ATP. The 
relative fluorescence intensity (excitation 335 f 3 
nm, emission 417 f 3 nm) was recorded. All batch 

Flow-injection analysis (FIA) was used to auto- 
mate the determination of ATP using the mani- 
fold shown in Fig. 1. All FIA experiments were 
performed using a Tecator 5020 FIA analyzer 
with a Waters 470 flowthrough fluorescence detec- 
tor with excitation at 335 + 3 nm and emission 
at 417 & 3 nm. The system is held at a constant 
pH by pumping a 0.5 M MES buffer (1.2 ml 
min- I) which is mixed into a carrier stream of 
triply-distilled water (1.2 ml min- ‘). The two 
streams are then mixed in a 60 cm x 0.5 mm i.d. 
mixing coil, and merged into a stream of 5 PM 
amine (1.2 ml min - ‘). The final mixing is done in 
a 30 cm x 0.5 mm i.d. mixing coil. A 200 PL 
sample loop containing ATP is directly injected 

Rl AOcm Mixing Coil 

Cl 

R2 

6Ocm Mixing Coil 

I 

Reagent 1 = Amine 
Reagent 2 = MES Buffer 
Carrier 1 = Triply distilled water 

Fig. 1. Flow-injection manifold design. 
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Table I 
Responses of direrent anions relative to ATP. The relative 
responses have been normalizd to the response of a IO ppm 
ATP sample 

Anion Relative response 

ATP 17000 
ADP 4035 
Phosphate 12 
Citrate 8 
Potassium hydrogen phthalate 4 
Morpholine ethane sulfonic acid 2 
Sulfate 1.9 
Chloride 0.3 
Nitrate < 0.1 
Bromate i 0.01 

into the carrier stream. Interferant studies in the 
FIA system were performed by adding the possi- 
ble interferant in varying concentrations directly 
to the ATP standard. Output from the fluores- 
cence detector was recorded on a Linea? strip 
chart recorder. All reported data are based on 
peak height. 

The pK, values of the anthrylmethylpolyamine 
were determined by titrating a sample of the 
amine adjusted to pH 2.2 with standardized 0.005 
M NaOH. Titrations were performed on a Ra- 
diometer Titrilab automated titrator. 

3. Results and discussion 

The work began with the characterization of N- 
(anthracen-9’-yl methyl)tris(3-aminopropyl)amine 
as an anion reagent. Initial studies based on the 
work described by Czarnik [9] suggested that 
phosphate ion produced the most intense response 
with the reagent. In Czarnik’s work, no analytical 
data were presented; therefore, the capability of 
the reagent with phosphate was investigated. Af- 
ter optimization a linear range from lo- 100 ppm 
was observed with a detection limit around 10 
ppm. Given this level of detection it was clear that 
the compound was not particularly applicable to 
phosphate ion determinations. In fact given the 
overall response of the reagent to anions (Table 1) 
it was clear that the common anions did not 
produce significant CHEF. However, the data for 

ATP and ADP show that the CHEF was signifi- 
cant and that a thorough investigation of the 
potential for ATP determination should be per- 
formed. 

Current methods for ATP determination in- 
volve the use of firefly luciferase which is a very 
expensive reagent. In addition, the luciferase 
method suffers from a number of interferents. The 
method measures the amount of MgATP’-, but 
responds to free ATP as a competitive inhibitor at 
50% of the MgATP’- complex [8]. There is also 
an inhibitory effect of salts (NaCl, KCL, NH,Cl, 
LiCl, NaBr, MgCl,, and NaHCO,) [13], which 
follows the Hofmeister series. The method also 
shows some inhibition by ADP which has been 
described in this manner: “. . AMP and 
MgATP2- are bound 40 times more strongly than 
adenosine and MgADP is only fourfold as 
strongly bound as adenosine.” [l]. The most logi- 
cal interpretation of this statement is that 
adenosine does not respond to firefly luciferase, 
and ADP responds at a level which is approxi- 
mately a 10”/0 intereference in ATP determination 
at similar concentrations. 

The initial CHEF studies with phosphate ion 
resulted in a determination of a set of optimized 
conditions. It was found that these conditions 
were also optimal for the investigation of CHEF 
with ATP. Amine concentrations at micromolar 
levels produced the lowest background fluores- 
cence with the greatest possible enhancement. The 
background fluorescence signal was affected by 
pH (Fig. 2). The background signal is large at 
lower pHs, presumably due to the protonation of 
the amine. This point is critical because the most 
likely mechanism for CHEF is an electrostatic 
interaction between the protonated amine sites 
and the negative sites of the anion. Therefore, a 
compromise between a pH to ensure proper pro- 
tonation of the amine and a pH to ensure depro- 
tonation of the anion is necessary. The measured 
pK, values of the amine are 5.95 (two terminal 
amines) and 9.4 (benzyl amine) with the terminal 
amines at the lower pK, value. The initial studies 
with phosphate resulted in the optimum enhance- 
ment of the fluorescence at a pH of 6.05. The 
ATP study was therefore begun in the batch 
mode, holding the pH at 6.05 with MES as the 
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Fig. 2. Change m relative intensity of fluorescence of the regeant amine with change in pH 

buffer and a 10 ,uM amine concentration. ATP 
was easily detected down to a 10 ppm level which 
was adequate for any interference or pH studies 
which were needed in the batch mode. 

The method was converted for use in FIA. The 
adaptation to the flow-injection system was rela- 
tively straightforward. All flow streams were 
pumped at the same rate, with triply-distilled wa- 
ter as the carrier, MES buffer as reagent 1, and 
the amine as reagent 2 (see Fig. 1 for manifold 
details). The optimum conditions were the same 
as the batch method except for the amine concen- 
tration which was lowered to 5 ,uM in order to 
decrease the background signal of the amine. The 
decrease in background signal of the amine was 
necessary because of the increased sensitivity of 
the flowthrough detector. An enhancement in the 
signal was seen, thus allowing a lower level of 
detection. A typical calibration plot in the flow-in- 
jection system for ATP was JJ = 0.8106(x) 
(fO.lO) i-O.214 (kO.235) with a r* value of 
0.9997. The calculated detection limit of 1 PM 
with a linear range of OS- 100 ppm was observed. 

At 10 ltM, the percent recovery was 96.8%. A 
typical calibration curve is shown in Fig. 3. 

The interferences in this method are minimal. 
The biggest possible interferents with this system 
can be identified from the enhancements seen in 
Table 1. The addition of phosphate to the 50 ppm 
ATP-amine system did not interfere until a con- 
centration of 1000 ppm phosphate was added. At 
equivalent 50 ppm concentrations of ATP and 
ADP a 14% increase in the signal is observed. 

The enhancement in the signal varied tremen- 
dously with a change in the pH, which should 
have an impact on the complexing properties of 
the host amine. Czarnik’s [9] explanation of the 
CHEF effect describes an electrostatic interaction 
between the host amine and the anion which 
participates in the chelating. This interaction then 
results in an increase in the rigidity of the pendant 
arm of the amine which subsequently favors the 
fluorescence process. The enhancement of the sig- 
nal is directly related to the concentration of the 
anion in solution. The signal should increase 
when the amine-anion interaction is favorable, 
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Fig. 3. Typical calibration curves for ATP CHEF. 

but the anion should have no effect on the signal 
when it no longer possesses a negative charge, as 
is the case at low pH. This is not the observed 

trend at lower pH as can be seen from Fig. 4. 
ATP actually reproducibly quenches the signal at 
lower pH. Fig. 4 also indicates that ADP has 
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~ATP and ADP Enhancements with Changing pH 
with and without Buffer 

n 

0 

i~i 
l 

a 

0 

Fig. 4. Change in CHEF of ATP and ADP with and without MES butfer with change in pH. 

Fig. 5. Possible amine-ATP electrostatic interaction. These orientations result from the use of molecular mechanics simulation. The 
phosphate chain of ATP (below) aligns with the amine “arm” of the anthrylmethylpolyamine (above). 
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Fig. 6. The N-(anthracen-9’-yl methyl)tris(3-amino- 
propyl)amine molecule with movement of the pendant arm 
relative to anthracene over a 10 ps time scale. The movements 
are the result of a molecular mechanics simulation. 

similar quenching properties at a much lower 
level. We have not been able to adequately ex- 
plain this phenomenon, but can only present these 
data and assure their reproducibility. 

The explanation which Czarnik [9] has given in 
his description of CHEF is very straightforward, 
and it is the best description of the amine-anion 
interaction available. In order to strengthen this 
position, some molecular mechanics calculations 
(Hyperchem Version 3.0) were performed. Fig. 5 
shows the results of the interaction between the 
host amine and ATP. The phosphate groups align 
themselves in the amine pocket for the best possi- 
ble interaction between the protonated amines 
and the negative charges of the unprotonated 
phosphate groups. The longer chain of the ATP 
triphosphate group is able to interact more fully 
with the amine than the diphosphate group of 
ADP, and this reasoning rules out any interaction 
with AMP. There is the possibility of an increase 
in the electrostatic attraction as well as a decrease 
in the steric interaction of the bulky adenosine 
portion of the molecule. The initial calculations 
used when the host amine is allowed to move 
freely in space (Fig. 6) show that the amine arm 
of anthracene rotates from a position away from 
the pi face of anthracene to one close to the pi 
face in a matter of picoseconds. This free rotation 
of the arm promotes dissipation of energy which 
quenches the native fluorescence of the molecule. 
When ATP is chelated by the host amine, the free 
rotation of the arm is impeded by the steric bulk 
of ATP, and the fluorescence of the system is 
enhanced. 

4. Conclusions 

Determination of ATP at biological pH levels is 
a critical issue. The method described in this 
work is a simple, automated method for the detec- 
tion of ATP with very little interference. The 
study of the CHEF effect with changing pH re- 
veals a possible way to lower the small interfer- 
ence of ADP while improving the sensitivity. The 
detection limit of 1 PM and the linear range 
of an order of magnitude both compare favorably 
with current methods of ATP determination. The 
use of CHEF for ATP determination does not 
rely on enzymatic reactions, and can be used over 
a large range of pH including the biological pH 
region. All of the common interferants which 



232 G.P. Foy, G.E. Pacey / Talanra 43 (1996) 225-232 

have been tested show minimal interference. The 
method allows determination over a wide concen- 
tration range coupled with a low level of detec- 
tion. Materials needed for synthesis of the 
anthrylmethylpolyamine are inexpensive, and syn- 
thesis of this compound is straightforward. The 
anthrylmethylpolyamine is readily soluble in wa- 
ter and stable for more than a week when stored 
below 5°C. 
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Abstract 

A new homogeneous liquid-liquid extraction using a fluorocarbon ionic surfactant, Zonyl FSA (FSA), having a 
diethylthioether group as a spacer between the perfluoroalkyl group and carboxyl group has been developed. In this 
FSA method, the phase separation phenomena were observed at mild pH (below pH 6). Moreover, by using this 
extraction method as a preconcentration, a highly sensitive spectrofluorometric determination of chlorophyll a was 
established. The results for the standard chlorophyll a were as follows. The concentration factor (VW/V,) was 200 
(water phase, VW, 20 cm3, water-immiscible phase, V,, 100 ,~l), the distribution ratio, log D, was 4.85, the extraction 
percentage, E, was 99.7%, and the procedure time was z 30 min. The calibration curve was linear in the concentration 
range 2 x lo- “-3 x lo-’ mol drnd3 and the, detection limit (S/N = 3) was 1 x lo-” mol dmP3. The relative 
standard deviation was 0.72% for lo-’ mol dmP3 (five determinations). 

1. Introduction 

Recently, we have found that the neutralization 
of perfluorooctanate ion (PFOA-) in an aqueous 
water-miscible organic solvent solution induces a 
new type of phase separation which provides a 
small volume of an oily, transparent, water-im- 
miscible liquid phase from a large volume of 
aqueous solution. By using this phenomenon, a 
new homogeneous liquid-liquid extraction based 
on pH-dependent phase separation was reported 
[l]. As a result, porphyrin chelates were rapidly 

* Corresponding author 

extracted into the water-immiscible precipitated 
phase, and were then easily concentrated by a 
factor of about 104. However, a strongly acidic 
condition (below pH 0.6) was necessary for this 
method, because the acid dissociation constant of 
the carboxyl group in PFOA- was low (i.e. the 
pK, value of PFOA was 1.01 at 20°C and the 
ionic strength, Z = 0.1) due to the electron with- 
drawing force of fluorine atoms in the per- 
fluoroalkyl chain, which was a serious problem in 
the previous method. Therefore, we postulated the 
use of Zonyl FSA (FSA), which introduced a 
methylene chain (e.g. diethylthioether group) as a 
spacer between the perfluoroalkyl group and car- 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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boxy1 group in order to negate the effect of 
fluorine. As a result, phase separation at mild pH 
is possible. Compared with the PFOA method, 
important information from this FSA method is 
possibly applicable to homogeneous liquid-liquid 
extraction for many environmental samples or 
vital samples concerning denaturation under 
strongly acidic conditions. Details of homoge- 
neous liquiddliquid extraction method based on 
the pH-dependent phase separation with FSA and 
the spectrofluorimetric determination for chloro- 
phyll a (ch1.a) in pond water will be discussed in 
this paper. 

2. Experimental 

2.1. Apparatus 

The fluorescence measurement was made with a 
Hitachi Model F-4500 fluorescence spectrophoto- 
meter. The fluorescence spectrometer was 
equipped with a 150 W xenon lamp source. A 
Hitachi model 200-10 double beam spectrophoto- 
meter was used for the measurement of absorp- 
tion spectra. A Toa HM-18B pH meter was used 
for the measurement of pH. A Karl-Fisher titra- 
tor (Mitsubishi Kasei Co., Type CA-06, Version 
3.0) was used for the water content measurement 
in the precipitated phase. A Tomy LC-100 cen- 
trifugal machine was used for the phase separa- 
tion. A Sibata CS-20 supersonic washer was 
used for the destruction of the phytoplankton 
cell. 

2.2. Reagents 

FSA was used as received from Du Pont and 
was a mixture that contained components with 
carbon numbers in the alkyl group from 6-10 
(Fig. 1). In this study, FSA diluted to 25 wt.% 

FSA 

CFj-(CF2),-CH2-CH,-S-CH2-CH2-COOH 

Fig. 1. Structure of FSA. 

n=6-8 

with water was used. Ch1.a as a standard sample 
was then used as a biochemical reagent from 
spirulina which was obtained from Wako Pure 
Chemical Industry. The pH buffer aqueous solu- 
tion was prepared at pH 4 by mixing 4 mol dmp3 
acetic acid solution and 4 mol dmp3 sodium 
acetate solution. THF was obtained from the 
Kanto Chemicals Corporation. All other chemi- 
cals used were of analytical reagent grade. 

2.3. Procedure 

2.3.1. Homogeneous liquid-liquid extraction 
A 12 cm3 sample solution containing each type 

of solute, 6 cm3 of water-miscible organic solvent 
such as THF or acetone, and 1 cm3 of 25 wt.% 
FSA aqueous solution, was placed in a 50 cm3 
cylindrical glass vial fitted with a plastic cap. 
Acetic acid-sodium acetate mixture buffer solu- 
tion (1 cm3) was then added in order to adjust the 
pH value of the mixture to below pH 5. After 
centrifuging at 2500 rev min’ for 15 min, the 
volume of the precipitated phase was determined 
using a 0.1 cm3 micro-syringe. The concentrations 
of solutes in the precipitated phase were then 
determined spectrophotometrically or spec- 
trofluorimetrically after dilution using 0.5 cm3 of 
THF. 

2.3.2. Determination of chlorophyll a 
This procedure was similar to the previous pro- 

cedure. Namely, 12 cm3 of sample solution (e.g. 
pond water) containing chla, 6 cm3 of THF and 
1 cm3 of 25 wt.% FSA aqueous solution was 
placed in a 50 cm3 cylindrical glass vial fitted with 
a plastic cap. Next, the mixture was exposed to a 
46 kHz supersonic vibration for 10 min using the 
supersonic washer. The phytoplankton cell was 
then destroyed, and ch1.a was solubilized. Then, 1 
cm3 of pH buffer solution at pH < 5 was added. 
After centrifuging at 2500 rev min-’ for 15 min, 
the concentration of the extracted ch1.a in the 
precipitated phase was spectrofluorimetrically de- 
termined by measuring the fluorescence intensity 
at i(em) = 666 nm (i(ex) = 430 mm) after dilu- 
tion using 0.5 cm3 of THF. 
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Fig. 2. Relationship betwen pH and the volume of sedi- 
mented phase: (curve A) FSA method: (curve B) PFOA 
method. [FSA], = 1.25 wt.‘!<,. [THF], = 30 vol.%, tempera- 
ture = 20°C. 

3. Results and discussion 

3.1. kferhunism of’ pH-dependent ~IKISP 
sepurution 

A fluorosurfactant such as PFOA or FSA dis- 
solves in water at a higher pH value than its acid 
dissociation constant of the carboxylic acid group. 
If the pH of this aqueous solution is lower than 
its acid dissociation constant, the fluorosurfactant 
is precipitated as a needle-like crystalline solid due 
to the charge neutralization of the carboxyl ion. 
However, if small amounts of a water-miscible 
organic solvent such as THF or acetone coexisted 
in this system, the fluorosurfactant precipitated in 
the water-immiscible liquid phase. The solute was 
then extracted into the precipitated phase. The 
reaction formula in this phase separation phe- 
nomenon and the acid dissociation constant (K,) 
are expressed as follows: 

R,--COO- + H+ + R,--COOH (1) 

K = [R,.-COO IW+l 
d [R,--COOH] (2) 

where R, in PFOA is C,F,,. The Rr group in FSA 
is shown in Fig. 1. 

The effect of pH during the phase separation is 
shown in Fig. 2. The acid dissociation constant 
(pKa) of FSA was 6.5 in the 50 vol.% THF 

THF 

.A 
TWO PHASE SEPARATION 

WATER FSA 

Fig. 3. Ternary phase diagram for water:THF:‘FSA solution. 
Point A: experimental condition. [FSA], = I .25 wt.‘%, temper- 
ature = 20°C. 

solution. The precipitated phase was produced at 
below pH 6. Also, this phase separation phe- 
nomenon was reversible depending upon pH. 

3.2. Eflect of’ FSA concentrution 

A ternary diagram is shown in Fig. 3. It ex- 
presses the relationship between the volume con- 
tent of the water:‘THF/FSA ternary component 
solution and the state of the phase separation. In 
this Figure, point A is the proposed experimental 
condition. The relationship between the concen- 
tration of FSA and the precipitated phase volume 

4 
FSA content, wt% 

Fig. 4. RelationshIp between the FSA content and the volume 
of sedimented phase. [THF], = 30 vol.‘%, temperature = 20°C. 
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is shown in Fig. 4. The volume of the precipitated 
phase increased in proportion with the amount of 
added FSA. However, if the concentration of 
FSA exceeded 2.5 wt.%, the experimental point 
deviated from a straight line that passes through 
the origin. In order to have a quantitative phase 
separation the amount of added FSA must be 
below 2.5 wt.%. The maximum concentration fac- 
tor (the volume ratio between the water phase and 
the precipitated phase after the phase separation) 
was 1000. In practice, it was possible to concen- 
trate the solute from 20 cm3 of aqueous solution 
to 20 ,ul of the water-immiscible liquid phase. 

3.3. EfSect of water-miscible organic solvent 

The properties of the water-miscible organic 
solvent significantly influenced the phase separa- 
tion behaviour. As previously mentioned, this 
phase separation occurred due to the existence of 
the fluorosurfactant and some types of water-mis- 
cible organic solvent. Water-miscible organic 
solvents such as THF, acetone, NJ-dimethyl- 
formamide, acetonitrile, 1 ,Cdioxane, dimethylsul- 
foxide and ethanol were then examined. Amongst 
these solvents, THF and acetone were best suited 
for this extraction method. In the case of acetone, 
however, the volume and viscosity of the precipi- 
tated phase were both greater than when using 
THF. Based on these findings, THF was selected 
for this extraction method. The effect of THF 
concentration on the phase separation is shown in 
Fig. 5 (curve A). When THF was added over the 
volume range lo-50 vol.%, the precipitated phase 
became oily and transparent. Also, when THF 
was added below 10 vol.%, FSA precipitated as a 
solid. Furthermore, when THF was added above 
50 vol.%, the precipitated phase was not pro- 
duced. 

3.4. Composition ratio in the water-immiscible 
precipitated phase 

The change in composition of the precipitated 
phase was examined using the following method. 
The water content was measured by coulometric 
titration with Karl-Fisher reagent. The FSA con- 
tent was measured by weighing after the evapora- 

THF, ~01% 

Fig. 5. Relationship between the volume of THF added and 
the weight of components in the sedimented phase: (A) total 
weight; (B) FSA; (C) THF; (D) water. [FSA], = 1.25 wt.%, 
temperature = 20°C. 

tion of water and THF using a vacuum dryer. 
Also, the content of THF was obtained by calcu- 
lating the difference from the total weight. The 
results are shown in Fig. 5. The content of THF 
in the precipitated phase increased with increasing 
THF concentration. The water content of the 
precipitated phase in the FSA system was 5%, and 
this value was lower than that of the PFOA 
method (e.g. 23% when using acetone) [l]. As a 
result, the most suitable hydrophobic solute for 
the proposed method was postulated. 

3.5. Extraction of some kinds of solute 

The extraction of various porphyrin com- 
pounds was examined. The distribution ratio (D) 
and the volume ratio are given by 

D = CJC,, v= VW/V, (3) 

where C, and Cw are the concentrations of the 
precipitated phase and the water phase respec- 
tively and VW and V,, are the volumes of the 
water phase and the precipitated phase respec- 
tively. The extraction percentage is given by Eqs. 
(3) and (4). 

E= lOOD/(D+ V) (%) (4) 

The extraction result is shown in Table 1. The 
extraction percentage of the hydrophilic com- 
pounds having a carboxyl or phenol group was 
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The distribution ratio and extraction percentage for various 
solutes ([FSA], = 1.25 vvt.‘%, pH = 4.8, V= VW/L’,= 
100 - 200) 

Table I Table 2 
Comparison with conventional method for pond water from 
lbaraki University 

Sample Water-miscible 
Organic solvent log D 

Copro III THF 1.99 

TCPP” THF 2.06 

TCPP; Acetone 2.21 
THPPb THF 1.82 

THPPb Acetone 2.88 

TPP’ THF 3.17 

TPP’ Acetone 3.14 

Cu-chlorophyllin Acetone 2.41 

Ch1.a THF 4.85 

d 5,10,15,20-Tetrakis(4-carboxylphenyl)porphine. 
b 5,10.15,20-Tetrakis(4-hydroxylphenyl)porphine. 
’ 5,10,15,20-Tetraphenylporphine. 

E (‘X,) 

49.9 

54.1 

45.1 

33.8 

81.3 

98.8 
91.9 

59.1 

99.7 

Method 

Relative standard 
Ch1.a deviation .’ 
(mol dm ‘) (‘!A)) 

This method 1.72 x IO-’ 4.99 
Acetone extraction method I.81 x IO -’ 4.87 

d Five determinations. 

low. However, the extraction of ch1.a (i.e. 
log D = 4.85, E = 99.7) was much better than for 
the other solutes. 

former contains the determination procedure for 
destroying the cells, etc. This method remarkably 
reduced the processing time (i.e. the previous stan- 
dard extraction method with acetone [2,3] was 
approximately 200 min, while that with the FSA 
method was approximately 30 min) because it did 
not require a filtration procedure. Therefore, this 
method is superior to the conventional method 
with respect to the treatment of many samples. 

4. Conclusions 
3.6. Determination of chlorophyll a 

The spectrofluorimetric determination of stan- 
dard ch1.a was then developed by combination 
with this extraction method. As a result, the cali- 
bration curve was linear in the concentration 
range 2 x 10P1’ -3 x IO-’ mol dm’, the detection 
limit (S/N= 3) was 1 x lo-” mol dm-‘, and the 
coefficient of correlation for the calibration curve 
was 0.998. The relative standard deviation was 
0.72% for lo-’ mol drnd3 (five determinations). 
For the determination of ch1.a in an environmen- 
tal water sample at concentrations of 10 ” mol 
dm-“-lo-* mol dm-‘, the supersonic washer was 
used in order to disrupt the phytoplankton cell. As 
a result of the examination to determine the expo- 
sure time, 5 min was found to be insufficient. Also, 
the transformation of the cell occurred after 20 
min. Hence, the exposure time was chosen to be 10 
min in this study. The results, which were deter- 
mined using this proposed method, correlated very 
well with those using a conventional extraction 
method [2,3] (Table 2). In the results, the RSD 
(4.99%) of the practical sample is much larger than 
that (0.72%) of the standard chl.a, because the 

It is well known that ch1.a is an important 
indicator for environmental evaluations. Ch1.a is 
the magnesium complex of porphyrin, and the 
pheophitin is produced from ch1.a by dissociating 
magnesium ion at approximately pH 3. Also, the 
phytole group is hydrolyzed under more acidic 
conditions (i.e. below pH 3). However, the FSA 
method was able to operate at near neutral pH 
suited for the extraction of ch1.a. In addition, 
complicated procedures such as filtration or crush- 
ing were not needed in the proposed method. In 
conclusion, it is expected that this method will be 
extensively applied to various environmental wa- 
ters in rivers. lakes, seas, etc. as a rapid, simple 
and highly sensitive determination of ch1.a. 
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Abstract 

A flow-injection manifold is proposed for determination of nitrite based on the reaction with 3,6-diamino acridine 
(proflavin sulfate) in hydrochloride acid medium. The assembly is adapted for nitrate determination by including a 
reductive column filled with copperined cadmium. The influence of foreign substances is also studied. The method 
gives a linear calibration graph over the range 0.06-4 mg I-’ nitrite, with an RSD ~0.5%. The method was applied 
to nitrite and nitrate determinations in either waste water or coastal marine water samples. 

Keywords: Nitrite; Nitrate; Proflavin; Flow-injection analysis; Spectrophotometry 

1. Introduction 

Nitrite and nitrate concentrations are routine 
parameters to be determined in different types of 
sample water (waste, underground, marine, etc.). 
Flow-injection analysis is a suitable methodology 
when a great number of samples are to be consid- 
ered. A number of analytical papers have been 
published dealing with nitrite determination by a 
flow-injection assembly, mainly with the aid of 
spectrophotometric [ 1,2] detection; electrochemi- 
cal [3], fluorimetric [4] and chemiluminiscence [5] 
detectors have also been proposed. 

* Corresponding author. 

Nitrate determinations have been based on di- 
rect spectrophotometric methods or on measure- 
ment after derivatization, usually as reduction to 
nitrite; these methods utilize a homogeneous re- 
duction process or a heterogeneous reduction with 
amalgamated zinc [6], zinc [7], amalgamated cad- 
mium [9], copperized cadmium [lo] or copperized 
cadmium silver [l I]. UV irradiation in a homoge- 
neous system has also been proposed [12]. 

This paper deals with a simple flow-injection 
analysis (FIA) assembly for the spectrophotomet- 
ric determination of nitrites and nitrates by reac- 
tion with a non-cancerous reagent, which is easily 
water-soluble, resulting in solutions which are sta- 
ble for a long time; the reagent is the sulfate of 

0039-9140/96/SlS.O0 Q 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01749-6 
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3,4-diamino acridine (or proflavin sulfate). The 
acridine is a linear dibenzopyridine, with a molec- 
ular structure similar to anthracene and with 
pharmaceutical applications as a topical antisep- 
tic. A relevant feature of this family of com- 
pounds is the chemical stability; they can be 
boiled without decomposition and no reaction 
occurs with NaOH fusion; they can be partially 
converted into the acridinic acid by perman- 
ganate. The proflavin is a white, hygroscopic com- 
pound, soluble in water (300 parts in cold water), 
slightly soluble in alcohol and insoluble in chloro- 
form and ether [13]. In a previous paper we 
reported the reaction of nitrite with proflavin and 
some related compounds 1141. In the present pa- 
per we study the analytical characteristics of the 
reaction to be applied to nitrate and nitrite deter- 
mination in a FIA assembly. 

2. Experimental 

2.1. Reagents and apparatus 

Aqueous solutions of 3,6-diamino acridine sul- 
fate (Sigma), sodium nitrite (Panreac), sodium 
nitrate (Panreac), metallic cadmium (Merck) and 
copper sulfate (Panreac) were used. All reagents 
used were of analytical-reagent grade unless stated 
otherwise. The buffer solution for the conversion 
of nitrates into nitrites was prepared by dissolving 
13 g of NH,Cl (Panreac) and 1.7 g of Na,EDTA 
(Panreac) in pure distilled water, then the pH was 
adjusted to 8.5 by adding NH, solution dropwise, 
and finally the resulting mixture was diluted to I 
1 with distilled water. 

2.2. FIA manifold 

Fig. 1 shows the continuous-flow manifold 
used. The sample injector was from Rheodyne, 
model 5041 and a Gilson Minipuls 2 pump was 
used. The determination of nitrite was carried out 
by means of a Lambda 3B spectrophotometer 
from Perkin-Elmer at 328 nm; the cell was pro- 
vided with a quartz flow-cell of 18 ~1 and 1 cm 
pathlength (from Hellma). The PTFE tubing was 
of 0.5 mm id. A copperized-cadmium column 

was used for the “in-situ” reduction of nitrates to 
nitrides to provide the determination of nitrates in 
water samples; the column (10 cm length and 0.5 
cm i.d.) was filled with particles with a mean size 
of 4 mm. 

3. Analytical characteristics of the system 
3,6-diamino acridine-nitrite 

The aqueous solutions of proflavin at pH 1 
gave absorption spectra with maximum ab- 
sorbances at wavelengths 236, 282, 362 and 452 
nm; changes in absorption spectra were observed 
when the pH was increased, two absorption bands 
appearing in the regions 260-265 and 400%450. 
The acidic proflavin solutions remained stable 
against time or temperature changes (they were 
mostly protected from daylight). 

A violet colour was developed by mixing solu- 
tions of nitrite and 3,6-diamino acridine in acidic 
media, mainly at pH < 3. The formed compound 
(stoichiometry 1: 1) remains unchanged for more 
than 2 h at temperatures <4O”C. Fig. 2 depicts 
the corresponding absorption spectra of the 
reagent in hydrochloride acid medium and the 
nitriteeproflavin compound in the same medium. 
The highest absorbances were observed in strong 
acid media. The absorption spectra of this com- 
pound (kinetic stability) remained unchanged for 
long periods of time. 

Different configurations of the FIA assembly 
were tested to select the most suitable. The se- 
lected manifold is depicted in Fig. 1. The selection 
procedure was carried out by performing series of 
experiments in which the reaction was studied 
under different chemical (pH) and manifold con- 
ditions. Different mixing chamber configurations 
were tested, the one giving the higher sample 
throughput (Fig. 1) was selected. The selected 
manifold allows a mixture of the nitrite (in pure 
distilled water) and the hydrochloride solution of 
proflavin to be formed by means of a mixing 
chamber. The resulting mixture is injected into a 
carrier stream of pure distilled water. The influ- 
ence of the ratio flowrate of nitrite solution/ 
flowrate of the proflavin was studied and the 
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Fig. 1. Flow manifolds for determination of nitrite (upper panel) and nitrate (middle panel). The selected mixing chamber is also 
depicted (lower panel): height, 1 cm; diameter, I.5 cm. 

results are shown in Fig. 3; the ratio 1.45 was 
selected as the optimum that could be obtained. 

Once the FIA assembly was selected, the chem- 
ical and FIA parameters influencing the degree of 
reaction and the sample dispersion were studied. 
The influence of acidity was important, according 
to the preliminary batch experiments where hy- 
drochloric acid seemed to be the most suitable. 
Different concentrations of this acid were studied 
(2 x 10e4 mol 1-l acridine, 2.0 mg 1-l nitrite and 
distilled water as carrier) over the range 0.05-2.0 
mol 1-l. Best results (by considering both peak 
height and width of peak base) were observed 
with the solution containing 1 mol 1-l HCl. The 
influence of other acids (acetic, perchloric and 

phosphoric, all at 1 mol ll’) was also tested by 
means of the selected FIA manifold; the obtained 
transient signals, in absorbance units, were as 
follows: HCl, 0.502; HClO,, 0.405; HAc, 0.018; 
H,PO,, 0.229. 1.0 mol ll’ HCl was the medium 
selected for further work. 

The influence of the proflavin content on the 
transient outputs was studied and the results are 
depicted in Fig. 4. The concentration 2 x lop4 mol 
1-l (in 1 mol 1-l hydrochloric acid) was selected 
for further work. A suitable carrier solution was 
selected from experiments with the following se- 
ries: (a) 1 mol 1-r HCl; (b) 2 x lop4 mol ll’ 
proflavin in 1 .O mol 1-l HCl; (c) distilled water. 
Best outputs were observed with distilled water. 
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Fig. 2. Absorption spectra of the system nitrite-proflavin. (A) Reagent spectrum: 10e4 mol 1-l proflavin solution in 0.1 mol I-’ 
HCI. (B) Spectrum of the system nitrite-proflavin: nitrite (2.8 pg ml-‘) and proflavin (IO-’ mol I-‘) in 0.1 mol I-’ HCI. 

The influence of the temperature was tested up 
to 80°C by introducing the sample loop into a 
water bath. The influence of temperature was 

0.2 

i 

0.0 1 1 ( 1 , , , I 
0.0 a.4 

lhbuTEj;Fv 
1!6 2.b 

Fig. 3. Influence on the FIA output of the flow rate ratio 
nitrite solution/reagent stream. 

shown to be irrelevant; peak height increased less 
than 2% (at SO’C) vs. the FIA peaks at room 
temperature. The formation of bubbles and lower 
reproducibility (as RSD, %) of the transient out- 
puts lead us to select room temperature for fur- 
ther work. 

The kinetic behavior of the system was studied 
by varing the contact time of the sample reagent 
in a stopped-flow mode and by changing the 
carrier flow rate and the distance from the injec- 
tion valve to the flow cell. The reaction proved to 
be very quick (it was completed in the mixing 
chamber) and the carrier flow rate and the length 
of the injection valve flow cell only influenced the 
dispersion of the derivatized sample (increasing 
the base peak width), which lead us to select an 
injector to detector length as short as possible. 

The influence of the sample volume was shown 
to be a relevant parameter. The increase of this 
parameter up to 457 ~1 resulted in increased peak 
heights; higher volumes resulted in higher ab- 
sorbances (output height) with wider peak base 
(see Fig. 5). The set of influences studied, the 
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Fig. 4. Influence on the FIA output of the proflavin concentration: (~3) nitrite; (0) blank (H,O); (a) difference between nitrite and 
water outputs. 1 M HCI medium; carrier, water; carrier flow rate 1.79 ml min-‘; concentration of proflavin, 2 x lop4 M. 

tested range for each parameter and the values 
selected as the optimum that could be obtained 
are summarized in Table 1. 

3.1. Application to the determination of nitrates 

The proposed FIA manifold can be applied to 
determination of nitrate contents by adding a 
reductive column packed with cadmium-copper- 
ized particles and placed prior to the mixing 
chamber (Fig. 1). The chemical and FIA parame- 
ters influencing the conversion into nitrite 
(medium, flow rate, length and internal diameter 
of the column) were studied. 

The conversion into nitrite was carried out in 
ammonia-ammonia chloride-Na,EDTA medium 

(pH 8.5) and different concentrations of the buffer 
were studied. The tested range was (millilitres of 
buffer solution/millilitres final volume) from l/20 
to l/2. The influence of this parameter was shown 
to be irrelevant and the selected concentration 
was l/4. The influence of the HCl content in the 
reagent solution was also tested over the range 
0.1-2.0 mol l-i, 1.0 being the most suitable. 

The influence of the FIA parameters affecting 
the nitrate reduction (flow rate and reactor 
length) was studied by varying the reactor length 
(from 5 to 15 cm) at different flow rates (from 
stopped flow to 2.89 ml min I). The size (4 mm) 
of the solid particles packed into the reactor 
tubing was selected according to preliminary ex- 
periments. The obtained results showed a relevant 
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influence of the contact time between the sample 
and solid-phase reductor on the conversion degree 
and offered the possibility of working with differ- 
ent sensitivities (different linear calibration graphs 
and detection limits). The plot of absorbance vs. 
flow rate (in ml min-‘, 2 pg ml-’ nitrite) for a 
column 10 cm long, was as follows: 0.284, 2.89, 
0.320, 2.16; 0.388, 1.43; 0.498, 0.70; 0.560, 0.21. 

4. Analytical figures of merit 

1:::~~~;;;,,~.;.~~~.,~~~~,.~,,, 4.1.Determinationofnitrites 

The calibration graph was linear over the range 
800 1000 

Sample Volume ( IJI ) 
0.06-4 mg 1-l of nitrite with the equation 
A = 0.277 + O.l84c, with a correlation coefficient 

Fig. 5. Influence of the sample volume on the transient out- of 0.9995. The reproducibility and sample 
put. Conditions as in Fig. 4. throughput were tested by injecting solutions con- 

taining 
Table 1 
Optimization of experimental parameters influencing the nitrite-proflavin FIA-spectrophotometric system 

Parameter Studied range Selected value 

Flow rate (nitrite-proflavin) ratio 0.379- 1.872 1.450 
Wavelength (nm) 324-332 328 
HCI concentration (M) 0.05-2.0 1.0 
Proflavin concentration (M) 1 x 10m4p9.2 x lop4 2 x 10-h 
Carrier flow rate (ml min-‘) 0.63-2.66 1.79 
Stopped flow time (min) O-5 0 
Sample volume (~1) 246-881 457 
Reaction coil length (cm) 25-175 25 

Table 2 
Influence of foreign compounds on the determination of nitrites. Concentration of sodium nitrite = 2.0 pg ml-’ 

Compound” Cont. (ppm) Error (%) Compoundb Cont. (ppm) Error (“Y0) 

Br- 1010 0.37 
so, 1001 0.41 
PO, 990 0.92 
Cl- 1053 2.70 
HCO; 940 0.63 
co:- 992 1.70 
NO; 987 2.66 
SiO, 909 1.10 

Na+ 

$+ 

Zn’+ 
NH“+ 
Ca*+ 
CL?’ 
Al’f 
Mg*+ 
Fe’+ 

1201 0.86 
1308 0.37 
1016 0.88 
1001 2.60 

975 2.50 
1008 2.30 

500 3.60 
800 2.50 
260 2.60 

1 0.80 

a From sodium or potasium salts. 
b From chloride or nitrate salts. 
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Analytical figures of merit from the determination of nitrate for two different sets of sample flow rates through the solid-phase 
reductive reactor 

Flow rate 1.79 ml min-’ Flow rate 0.19 ml min’ 

Equation (r = 0.9995) 
Abs. = 0.003757 (pg I - ‘) + 0.1506 
Range 0.1-25 pug 1-l 
Detection limit 0.1 pg I ’ 
Sample throughput (hh’) 68 (5 pg I ‘) 
Reproducibility (RSD) 0.68 

Equation (r = 0.9999) 
Abs.=O.l165 (pgl-‘)+0.1481 
Range 0.075-10 pg I-’ 
Detection limit 0.075 pg I - ’ 
Sample throughput (hh’) 24 (5 pg I ‘) 
Reproducibility (RSD) 0.763 

0.60 or 2.0 mg 1-l of nitrite and the calculated 
results were 0.5%-37 hh’ and 0.1%26 hh’ re- 
spectively. 

The influence of foreign compounds (inorganic 
ions) that are commonly found in water samples 
containing nitrites was investigated. To solutions 
containing 2.0 pg ml-’ of nitrite were added 
various concentrations of the possible interfering 
substances up to 1000 pg ml-’ or when the 
relative error (by comparison with pure nitrite 
solution, 2 pg ml-‘) was about 3%. The results in 
terms of concentration (pug 1-l) and relative error 
(5) are depicted in Table 2. Fe(II1) was the most 
serious interferent; however, it is not interfering at 
concentrations lower than 1 mg 1-l which means 
that it is not an interferent for drinking water 
samples (Spanish legal regulations allow no more 
than 0.05 ppm of iron in tap water). 

method, 1.47 (sample 1) and 2.26 pg 1-l (sample 
2); Griess, 1.50 and 2.30 pg lP ‘; relative error, 2.0 
and 1.7% respectively. Nitrate contents in a 
coastal water sample: proposed FIA method, 1.73 
pg 1-l; UV measurement, 1.75 pg 1-l; relative 
error, 1.1%. 

5. Conclusions 

4.2. Determination of nitrates 

Table 3 depicts the analytical figures of merit 
obtained with the two different flow rates through 
the column (column length, 10 cm; carrier flow 
rate, 1.79 ml min-‘), 2.89 and 0.21 ml min-‘, in 
order to test the analytical applications with high 
sample throughput and high sensitivity respec- 
tively. 

A simple and quick FIA spectrophotometric 
procedure is proposed for nitrite determination. 
The method is based on the reaction of nitrite ion 
with the non-cancerous reagent, 3,6-diamino 
acridine. The acridine aqueous solutions are sta- 
ble for long time periods. The method shows 
competitive precision and selectivity and a wider 
linear range than many other FIA procedures. 
The method can also be applied to determination 
of the nitrate by adding a suitable reductive cop- 
perized-cadmium column to the proposed FIA 
manifold. 
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Abstract 

A solid ion-pair material produced from ammonium tetraphenylborate on naphthalene (ATPB-naphthalene) 
provides a simple, rapid, economical and selective technique for preconcentrating iron from ~500 ml of aqueous 
solution of standard alloys and biological samples. Iron reacts with 2-(5-bromo-2-pryidlazo)-5-diethylaminophenol 
(5-Br-PADAP) to form a water-soluble cationic complex. When the aqueous solution of this cationic species in the 
pH range 3.2-8.5 is passed over the adsorbent ATPB-naphthalene at a flow rate of 1 ml min ‘. it is quantitatively 
retained on naphthalene as an uncharged ion-associated complex. The solid mass from the column was dissolved out 
with 5 ml of dimethylformamide (DMF) and iron is determined by third derivative spectrophotometry by measuring 
the signal d3A/ di.’ between i,(773 nm) and i,(737 nm). The calibration curve is linear over the concentration range 
0.10-25.0 ,ug of iron in 5 ml of DMF solution. Eight replicate determinations of 5 lg of iron gave a mean intensity 
(peak-to-peak signal between i., and i3) of 1.534 with a relative standard deviation of 0.90’%1. The sensitivity of the 
method is 0.307 (d’A/dnm3 )!pg found from the slope of the calibration curve. The interference of a large number of 
anions and cations has been studied and the optimized conditions developed were utilized for the trace determination 
of iron in various standard alloys and biological samples. 

Kqxwds: Iron; Alloys; Biological samples; ATPB-naphthalene 

1. Introduction 

*Corresponding author. Fax: (91 )I I-686-2037. 

Sodium tetraphenylborate (TPB) and its deriva- 
tives have been used in the estimation of alkali 
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and univalent metal ions [l-3]. It has also been 
used as a counter-ion in the extraction and ad- 
sorption of some metal complexes into molten 
naphthalene [4-61 and microcrystalline 
naphthalene respectively [7-91. A survey of the 
literature reveals that metal ions may be precon- 
centrated on various adsorbents such as thiol 
cotton [lo], silanized glass beads [l 11, silica gel 
[12], Amberlite XAD-4 resin [13], cellulose [14], 
green tea leaves [ 151 and polythioether foams [ 161. 
Some of these adsorbents may be fairly effective 
for preconcentration of metal ions, but their 
methods of preparation are lengthy and involve 
rigid control of conditions. The desorption of the 
metal is carried out by the slow process of elution 
(the metal complex is probably held by the inte- 
rior surfaces of the adsorbent and thus the ab- 
sorbed complex is not eluted easily), hence the 
procedure is time-consuming. 

The reagent 2-(5-bromo-2-pyridylazo)-5-diethy- 
laminophenol(S-Br-PADAP) has been tried for 
the estimation of some metal ions by zero order 
spectrophotometry [17-201. In the present work it 
has been tried for the trace determination of iron 
in various standard alloys and biological samples 
using third derivative spectrophotometry after 
preconcentration of the cationic complex on am- 
monium tetraphenylborate-naphthalene adsor- 
bent from a large volume of the aqueous solution 
( z 500 ml preconcentration factor 100). The pro- 
posed reagent is fairly sensitive and more selective 
than most of the recently reported reagents in the 
literature for the estimation of iron [21L241. The 
use of the preconcentration technique and third 
derivative spectrophotometry further enhance the 
sensitivity and selectivity of the method [25]. The 
interference of a number of metal ions and anions 
on the estimation of iron has been studied in 
detail and the developed method is found to be 
highly sensitive and selective and has been em- 
ployed for the estimation of iron in complex 
materials. Iron may also be estimated by directly 
aspirating the DMF solution of the metal com- 
plex into the flame of the atomic absorption spec- 
trometer after the preconcentration step, but the 
instrument is relatively expensive, day-to-day 
maintenance is high and it is not free from the 
matrix effect. 

2. Experimental 

2.1. Apparutus and reagents 

A Shimadzu UV 160 spectrophotometer and 
Hitachi UV-vis model 330 spectrophotometer 
with 1.0 cm quartz cell were used. An Elico pH 
meter was employed for pH measurements. A 
funnel-tipped glass tube (60 mm x 6 mm) was 
used as a column for preconcentration. It was 
plugged with polypropylene fibres and then filled 
with the adsorbent to a height of 1 .O- 1.2 cm after 
pressing lightly with a flat glass rod. All glassware 
and the column were washed with a mixture of 
concentrated sulphuric and nitric acids (1 + 1) 
before use. All chemicals used were of analythical 
reagent grade. A 0.01% solution of 5-Br-PADAP 
was prepared in ethanol. Iron(II1) chloride solu- 
tion was prepared in distilled water in the pres- 
ence of a few millilitres of hydrochloric acid and 
standardized by known methods. A more dilute 
solution of iron (5 ppm) can be prepared by 
diluting the standard solution. A buffer solution 
of pH z 5 was prepared by mixing 50 ml of 0.5 M 
acetic acid and 100 ml of 0.5 M sodium acetate 
solutions. 

2.2. Preparation of naphthalene-NH,- TPB 
absorbent 

A solution of naphthalene was prepared by 
dissolving 20 g of naphthalene in 40 ml of acetone 
on a hot-plate stirrer at 30-35°C. This solution 
was transferred into 1500 ml of distilled water 
containing 25 ml of 1 mol 1 - ’ ammonium acetate 
and 75 ml of I mol 1 ~ i ammonia solution (pH 
9.5) in a fast stream continuous flow with contin- 
uous stirring at room temperature. Then, to this 
solution. 500 ml of an aqueous solution contain- 
ing 1.7 g of TPB was added. The naphthalene 
coprecipitated with NH; and TBP- was stirred 
for about 2 h and then allowed to stand for 2 h. 
The supernatant solution was decanted off and 
the remaining solid mass was washed twice with 
distilled water. The adsorbent in the form of a 
slurry was stored in a bottle for subsequent use. 
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2.3. Generd procedurr 

An aliquot of the solution containing 0.1-25 
pg of iron was taken in a 25 ml beaker and 2.0 ml 
of 0.01% alcoholic solution of 5-Br-PADAP and 
1.0 ml of acetate buffer of pH z 5 were added to 
it and the final volume in the beaker was made up 
to approximately 15 ml with water if required. 
The column loaded with the adsorbent NH,- 
TPB-naphthalene was conditioned to pH % 5 by 
passing 2-5 ml of the acetate buffer solution at a 
flow rate of 1 ml min -I. The iron sample solution 
prepared above was then passed at a flow rate of 
1 ml min ~ ‘. The packing in the column was 
washed with a few millilitres of distilled water and 
then aspirated strongly for 2-3 min, pushing 
down the solid mass in the column with a glass 
rod in order to eliminate the excess water attached 
to the adsorbent. The metal complex was dis- 
solved out of the column along with napthalene 
with 5 ml of DMF. The third derivative absorp- 
tion spectra in the range 650-850 mm were 
recorded against a blank solution prepared in the 
same way. The signal was measured between 
iZ = 773 nm and i3 = 737 nm. A calibration curve 
was prepared by taking various known amounts 
of iron under the conditions given above. 

3. Results and discussion 

3.1. Sprctropllotomrtric meusuretwnts 

The zero order and first, second and third order 
derivative spectra of the complex are shown in 
Figs. 1 and 2 respectively. As can be seen, the 
higher wavelength peaks of the third derivative 
spectra are more significant. The sensitivity of the 
third order derivative is much higher than for 
zero, first and second orders (zero order = 
A :‘/l g = 0.10, first order = (dA /dnm)/P g = 0.08, 
second order = (d2A /dnm’)/p g = 0.19, and third 
order = (d’A /dnm’)/;lg = 0.3 1). Third derivatiza- 
tion leads to sharper zero order bands and gives 
higher signals on the resulting spectra. The char- 
acteristics of derivative spectra, such as peak 
height and noise level, depend on the choice of 
parameters such as order of derivative, scan speed 

1.50 - 

z 
C 
0 
f l.OO- 
:: 

2 

650 750 

Wavelength , nm 

850 

Fig. I. Zero order spectrum of the naphthalene--Fe(Ill)-(5- 
Br-PADAP)-TPB complex. Fe(Il1): 5 jog: buKer: 1.0 ml; pH: 
5.0; 5-Br-PADAP: 2.0 m1(0.01%); flow rate: I ml min-‘; 
solvent: 5 ml DMF; reference: reagent blank. 

and integration time during recording of the spec- 
tra. The optimum parameters were chosen from 
preliminary experiments. The best results were 
obtained from third derivative spectra due to high 

+1.00 

I 

-c-+ First order 
----- Second order 
- Third order 

Al 

650 750 850 

Wavelength (nm) 

Fig. 2. First, second and third derivative spectra of the naph- 
thaleneeFe(IIl)~(S-Br-PADAP)-TPB complex. For condi- 
tions. see Fig. I. 
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signals at i, = 806 nm, & = 773 nm, i,, = 737 nm, 
with a length interval of 9 nm. Iron could be 
determined by measuring the signal between the 
baseline and the corresponding peaks. It could 
also be determined from the signal between i, and 
2, or /i, and 2,. In the present work a peak-to- 
peak method between /i, and i, was applied. 

3.2. Retention charucteristics of NH,- TPB 

The TPB- forms a weakly bonded ion-pair 
with NH,+ in aqueous solution and coprecipitates 
with microcrystalline naphthalene as follows: 

NH,+ + TPB- ti (NH,+) + (TPB-)(s) 

From the experimental observation, the NH,- 
TPB ion-pair produced from TPB- and ammo- 
nium acetate in aqueous solution when supported 
on naphthalene was unstable and partly desorbed 
from the surface of the naphthalane in the column 
on passage of the buffer of pH 5. However, the 
NH,-TPB ion-pair prepared in acetate buffer of 
pH 9.5 is highly stable and TPB- is not desorbed 
even on washing with water or the buffer of 

PH z 5. The adsorbent shows excellent absorption 
characteristics for various cationic metal com- 
plexes such as Fe( l,l-phen):+. In this work, 
TPB- has been selected as the counter-ion be- 
cause of its purity and moderate price. 

3.3. Reuction conditions 

These were established with the use of 5 pg 
iron. The adsorption of iron on this adsorbent 
was found to be a maximum in the pH range 
3.228.5 (Fig. 3). In subsequent studies, the pH 
was maintained at approximately 5.0. Addition of 
0.5- 15 ml of the buffer did not aflect the retention 
of iron and the use of 1.0 ml is recommended. 
Various amounts of 0.01% alcoholic solution of 
5-Br-PADAP were tried. Iron was quantitatively 
absorbed on the absorbent over the range 1.0-4.0 
ml of the reagent. Therefore, 2.0 ml of the reagent 
is recommended in the present study. The flow 
rate was varied from 0.5 to 8 ml min - ‘. It was 
found that the flow rate did not affect adsorption 
within this range. A flow rate of 1 ml min ~ ’ was 
recommended for all experiments. In the case of a 

1 3 5 7 9 

PH 

Fig. 3. Etfect of pH. For conditions, see Fig. 2 

large volume of the aqueous phase, a flow rate of 
5-8 ml min ~ ’ may be used. The adsorption was 
constant and maximal when the volume of the 
aqueous phase did not exceed 500 ml, resulting in 
a preconcentration factor of zz 100. The retention 
started to decrease slowly as the volume of the 
aqueous phase was increased beyond 500 ml. The 
solid mass can be completely dissolved out of the 
column with less than 3 ml of the solvent (DMF); 
thus a preconcentration factor of z 170 may be 
achieved. In subsequent study, 20 ml of the 
aqueous phase was used for convenience. 

3.4. Choice of solcent 

A number of solvents were tried to dissolve the 
metal complex along with naphthalene from the 
column. Since the solid mass is dissolved in a 
small volume (3-5 ml) of solvent from the 
column, it is essential to select a solvent in which 
the chelate is highly soluble and also sensitive for 
UV-vis spectrophotometric measurements. The 
solid material is insoluble in ordinary organic 
solvents such as toluene, 1,2-dichloroetane, n-hex- 
ane, nitrobenzene, isoamyl alcohol, n-amyl alco- 
hol, ethyl acetate, methyl isobutyl ketone, 
chloroform and dioxane, but soluble in dimethyl 
sulfoxide, DMF, and propylene carbonate. DMF 
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was preferred because of its high solubility and 
stability. It was found that 2-3 ml of this solvent 
was sufficient to dissolve the entire mixture, thus 
further enhancing the sensitivity of the method. 
Since only a small volume (3-5 ml) of the solvent 
is required to dissolve the solid mass from the 
column, it was essential to study the effect of the 
surplus water attached to the absorbent. It was 
found that the surplus water caused the ab- 
sorbance to decrease by lo- 12% and led to an 
error in the determination. Thus it was necessary 
to eliminate the water attached to naphthalene in 
the column completely by aspirating it for 2-3 
min. 

3.5. Calibration, sensitivity, precision, stability 
and column capacity 

On the basis of the optimum conditions devel- 
oped above a calibration graph was constructed 
according to the standard procedure. It was linear 
over the concentration range 0.1-25 pg of iron in 
5 ml of DMF solution (Fig. 4). Eight replicate 
determinations of 5.0 pg of iron gave a mean 
intensity in the third derivative spectrum, mea- 
sured from the peak-to-peak signal between /i, 
and R,, of 1.534 with a relative standard deviation 
of 0.9%. The sensitivity was 0.307 (d3A/dnm3)pg 
from the slope of the calibration curve, the detec- 
tion limit was 0.01 pg ml- ’ (signal-to-noise ra- 

d3A 

0 8 16 24 32 

Iron NlI),pg/5ml 

Fig. 4. Calibration curve for Fe(II1) by third derivative spec- 
trophotometry from signal peak-to-peak measurements be- 
tween i., and 1,. For conditions, see Fig. 2. 

Table 1 
Effect of foreign salts and metal ions 

Salt or ion Tolerance limit 

CH,COONa.3H,, NaCl, KNO, 
NH,Cl, (NH,), SO,, NH,Br 
Thiourea 
KI 

K,CO, 
Potassium sodium tartrate 
KSCN 
Na, EDTA 
Al(II1) 
Mg(I1). Ca(I1) 
Ti(IV) 
Pb(I1) 
Cr(II1) 
Cd(II), Cu(II), Mn(II), Zn(l1) 
Ni(II) 
Zr(IV) 
Bi(III), Pd(II), W(VI), Ru(II1) 
Mo(V1) 
Co(H) 

It% 
500 mg 
600 mg 
400 mg 
100 mg 

50 mg 
IO mg 

5 Pg 
20 mg 

5 w 
1 mg 

1.5 mg 

600 pg 
250 fig 
400 FcE 
300 PkT 
200 Pg 
150 Pg 
100 Pg 

tio = 2), the solution was stable for over 6 days 
and the capacity of the column was 1.1 mg Fe 

is --I of adsorbent. 

3.6. Interference of foreign ions 

Various salts and metals ions were added indi- 
vidually to a solution containing 5 pg of iron and 
the general procedure was applied. The tolerance 
limit (error < 3%) is given in Table 1. Among the 
salts examined, most did not interfere at the gram 
per milligram level with the exception of EDTA. 
Among the metal ions studied, many did not 
interfere even at the milligram level. Thus the 
method is highly selective without the use of 
masking agents. The proposed procedure has 
therefore been applied to the determination of 
iron in alloys and biological samples without any 
prior separations. 

3.7. Determination of iron in standard aluminium 
and zinc alloys 

The proposed method has been applied to de- 
termination of iron in Nippon Keikinzoku Kogyo 
(NKK) CRM 916 NKK 3A30 aluminium alloys, 
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Table 2 
Analysis of samples for iron 

Concentration of iron (%) 

Sample Composition(%) Certified value Found” 

NKK 916 
Aluminium Alloy 

NKK 3A30 
Aluminium Alloy 

NIST SRM 
629 Zinc Alloy 

NIES 
No. 3 Cholorella 

NlES 
No. 6 Mussels 

NIES No. 2 
Pond Sediment 

Si,0.41;Cu,0.27;Mn,O.l I; 
Mg,O.lO:Cr,0.05;Ni,0.06; 
Zn,0.30;Ti,O. lO:Sn,0.05; 
Pb,0.04;V,0.02;Zr,0.05; 
Bi,0.03;Co,0.03;Sb,O.O1; 
B,0.0006 

0.54 0.53 f 0.03 

Si,9.96;Cu,0.059;Mn,O.O42; 0.633 
Mg.O.Ol;Zn,0.43;Ni,0.042; 
Ti,0.038;Sn,0.038 

0.630 k 0.015 

Cu,l.50;A1,5.15;Mg,0.094: 
Pb,0.0135;Cd,0.0155; 
Sn,O.Ol2;Cr,0.0008; 
Mn,0.0017:Ni,0.0075; 
Si,O.O78 

0.017 0.017 * 0.003 

0.185 * 0.010 

Na.1.00 & 0.03;K,0.54 k 0.02; 158~8~ 155*9h 
Ca,0.13 f O.Ol;Mg:0.21 + 0.01; 
P,(0.77)%;Zn,106 i 6;Mn.16.3 + 1.2; 
As.9.2 i 0.5;Cu,4.9 k 0.3: 
Ni,0.93 i 0.06;Pb,0.91 i 0.04; 
Cd.0.82 + 0.03Cr.0.63 + 0.07; 
Ag,0.027 i O.O03;A1,(220); 
Sr( 17),Se,( 1.5);Co,(O.37); 

HgWWpg g ’ 

6.53 k 0.35 6.47 & 0.39 

K,1.24 f 0.06;Ca,0.49 + 0.03 
Mg.0.33 k 0.02;P,(1.7)%; 
Mn,69 i 5;Zn,20.5 i 1 .O; 
Sr,40 & 3;Co,O.87 k 0.05; 
Cu.3.5 + 0.3;Cd.(0.026); 
Pb,(0.60);Sc,(O.O13)~g g- ’ 

AL10.6 i 0.5;Ca,0.81; 
K,0.68;Na,0.57%; 
Zn,343;Cu,210;Pb,105; 
Cr,75;Ni,40;Co,27; 
As,lZ;Cd,0.82~g g- ’ 

* Mean of four determinations. 
bpg g-‘,&SD. 
The composition values in parentheses are uncertified values. 

and National Institute of Standards Technology 
Standard Reference Materials NIST, SRM 929 
Zinc Alloy. A 0.1 g sample of the standard alloy 
was completely dissolved in 4-5 ml of hydrochlo- 
ric acid (1 + 1) by heating on a waterbath and 
then 1 ml of 30% hydrogen peroxide was added to 
the solution. The excess of peroxide was decom- 

posed by heating the solution on a waterbath. 
The solution was cooled and filtered if needed 
and the filtrate was diluted to 100 ml with 
doubly-distilled water in a calibrated flask. An 
aliquot (l-2 ml) of this solution was taken and 
iron was determined by the general procedure 
(Table 2). 
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3.8. Determination of iron in chlorellu, mussel 
and pond sediment 

The proposed method has been applied to the 
determination of iron in National Institute for 
Environmental Studies (NIES) No. 3 Chlorella, 
NIES No. 6 Mussels and NIES No. 2 Pond 
Sediment. Chlorella or pond sediment (0.1 g) or 
mussel (0.5 g) were taken individually in a beaker 
and dissolved in concentrated nitric acid (z 5 ml) 
with heating. The solution was cooled, diluted 
and filtered. The filtrate was made up to 100 ml 
with water in a calibrated flask. An aliquot (1-2 
ml) of the sample solution was taken individually 
and iron was determined by the general proce- 
dure. The results are given in Table 2 and are in 
good agreement with the certified values. 

centration step. As a whole the proposed method 
is highly sensitive, selective, simple and highly 
economical (it requires simple glassware, and a 
small volume of the organic solvent to dissolve 
the solid mass from the column) for the estima- 
tion of iron. 
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Abstract 

A highly sensitive and selective procedure is presented for the voltammetric determination of cobalt. The procedure 
involves an adsorptive accumulation of cobalt-2.2’-bipyridine complex on a hanging mercury drop electrode. followed 
by a stripping voltammetric measurement of the catalytic reduction current of nitrite at - 1.25 V (vs. Ag/AgCl). The 
optimum conditions for the analysis of cobalt include 0.1 M ammonium buffer (pH U-9.25). 2.0-5.0 PM 
2,2’-bipyridine, 0.20 M sodium nitrite and an accumulation potential between - 0.75 and - 0.90 V (vs. Ag/AgCl). 
An accumulation time of 30 s results in a very low detection limit of 9.5 pM (0.56 p.p.t.) and a linear 
current-concentration relationship up to 2.0 nM. The relative standard deviation at 0.10 nM is 4.9%. Possible 
interferences from co-existing ions are also investigated. 

Kry\vords: Cobalt: 2,2’-Bipyridine; Adsorptive voltammetry; Nitrite 

1. Introduction 

Interest in cobalt found in biological systems is 
due to the importance of this metal as an essential 
trace element; it is a component of vitamin B,, 
and participates in a number of enzymatic reac- 
tions [I -31. Since the concentration of cobalt is 
extremely low in various natural samples (usually 
at sub-p.p.b. levels), a sufficiently sensitive and 
selective analytical procedure for the reliable de- 
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termination of cobalt in natural samples would be 
of great interest. Consequently, a large number of 
papers have been published on the determination 
of cobalt. The most commonly used methods for 
the determination of cobalt include spectrophoto- 
metry [4], atomic absorption spectrometry (AAS) 
[5], high performance liquid chromatography [6], 
neutron activation analysis [7], mass spectrometry 
[8] and fluorescence spectrometry [9]. Among 
these methods, only the highly costly neutron 
activation analysis and mass spectrometry have 
sufficient sensitivty for direct measurements of 
trace amounts of cobalt. AAS, 
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which is frequently used for the determination of 
trace amounts of metals, is not highly reliable for 
analyzing cobalt at sub-p.p.b. levels, because such 
levels are comparable to the detection limit of the 
technique. 

Electroanalytical methods for the determination 
of traces of cobalt, mainly involving the forma- 
tion and adsorptive collection of cobalt complexes 
with various dioximes, such as dimethylglyoxime 
[lO,ll], nioxime [12,13], cc-benzil dioxime [14], and 
cr-furil dioxime [lo], on a hanging mercury drop 
electrode (HMDE), have also been proposed. 
Further improvement in sensitivity has been re- 
ported by the application of the catalytic effect of 
cobalttdioximes complexes on the reduction of 
nitrite [lo-12,141. Among those procedures, the 
most sensitive one for the determination of cobalt 
is based on the formation of cobalt-cr-benzil 
dioxime complex coupling with the catalytic re- 
duction of nitrite in ammonium medium. The 
detection limit of 41 pM was obtained following a 
short accumulation period (30 s). Furthermore the 
cobalt-r-benzil dioxime approach has been used 
to determine cobalt in zinc plant electrolyte 
[15] and in metallic zinc [16]. Some other com- 
plexing agents, including 1,l O,-phenanthroline 
[ 171, 1 -nitroso- 1 -naphthol [ 181, 4-[2-( 5-bromo- 
pyridy l)azo]-1,3-dihydroxynaphthalene [ 191 and 
2-quinolinethiol [20] have also been studied in 
attempts to develop highly sensitive methods for 
cobalt analysis. However, all those procedures are 
not so sensitive as the cobalt-r-benzil dioxime 
system. 

The polarographic behaviour of cobalt-2.2’- 
bipyridine (Co(II)-BPY) complexes has previ- 
ously been reported by Fungaro and Tokoro [21]. 
In acidified aqueous medium, the reduction 
product of Co(II)-BPY, Co(I)-BPY, catalyzes 
the reduction of hydrogen ions. Preliminary stud- 
ies in our laboratory have shown that no obvious 
catalytic effect on the reduction of hydrogen ions 
is observed in alkaline solutions. Instead, remark- 
able improvement in sensitivity is observed using 
the catalytic effect of the Co(II)-BPY complex by 
adding sodium nitrite to the solution. In this 
paper the catalytic-adsorptive stripping voltam- 
metry of the Co(II)-BPY complex at the HMDE 
was investigated. Compared to the adsorptive 

stripping procedure, this method provides much 
better sensitivity and selectivity. 

2. Experimental 

2.1. Apparatus und rrugmts 

A PAR Model 174A polarographic analyzer 
was employed in connection with a Model 303 
SMDE (EG&G, PAR, USA) and a Graphtec 
X-Y recorder. A medium-sized HMDE electrode, 
with a surface area of 1.8 mm* was used. An 
Ag/AgCl (in saturated KCl) reference electrode 
was used in all experiments. All potentials re- 
ported in this paper are referred to the Ag/AgCl 
electrode. Solutions were deoxygenated with high- 
purity nitrogen for 4 min prior to each experiment 
and all experiments were performed under nitro- 
gen atmosphere. 

Water purified in a Milli-Q water purification 
system (Millipore) was used for all solutions and 
sample preparations. All chemicals were of cer- 
tified analytical grade and above. Working solu- 
tions of cobalt (Co(I1)) were prepared from a 
1000 p.p.m. stock solution of Co(I1) (atomic ab- 
sorption standard, Aldrich). Stock solutions of 
0.010 M BPY and 1 .O M nitrite were prepared by 
directly dissolving required amounts of BPY and 
sodium nitrite in water, respectively. Traces of 
cobalt in blank electrolyte were removed using 
Chelex-100 resin. Cobalt found in the purified 
electrolyte is generally less than 0.030 nM. 
Reagent containers and sample bottles were 
cleaned by soaking in 1: 1 nitric acid for a few 
days. Then they were thoroughly rinsed with wa- 
ter and stored in 0.01 M nitric acid. 

2.2. Procedurr 

The supporting electrolyte solution (10 ml 0.1 
M ammonium buffer pH 9.2) containing 5.0 PM 
BPY and 0.20 M sodium nitrite was pipetted into 
the cell and purged with nitrogen for 4 min. The 
accumulation potential ( - 0.80 V) was applied to 
a fresh mercury drop while the solution was 
stirred (400 rev min - ‘). Following the accumula- 
tion, a linear scan voltammogram was recorded 
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from - 0.80 to - 1.5 V, with a scan rate of 100 
mV s ~ ‘. After obtaining the background voltam- 
mogram, aliquots of the cobalt standard solutions 
were introduced into the cell while maintaining a 
nitrogen atmosphere over the solution. All data 
were obtained at room temperature in a clean 
environment. 

3. Results and discussion 

3.1. Voltummetric properties of Co(II)- BPY in 
nitrite medium 

Fig. 1 shows cyclic voltammograms for BPY, 
NO,, BPY-NO;, and BPY-NO, -Co(II) in 
0.1 M pH 9.2 ammonium buffer solution. As can 
be seen in Fig. lA, for the solution containing 
BPY alone, a couple of waves were observed at 
- 1.4 V, which is due to the redox reaction of 
BPY at the HMDE. As shown in Fig. lB, in the 
ammonium buffer containing nitrite alone, no ob- 
vious current peaks were observable between 
- 0.50 and - 1.5 V. Beyond - 1.5 V a sharp 
increase in reduction current was observed, which 
is attributed to the reduction of nitrite. For the 
solution containing nitrite and BPY. two small 
cathodic peaks were observed (Fig. 1C). The one 
at less negative potential is due exclusively to 
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Fig. I. Cyclic voltammograms for (A) 5.0 FM BPY, (B) 0.20 
M nitrite, (C) A + B and (D) C + 2.0 nM cobalt in 0.1 M pH 
9.2 ammonium buffer. Accumulation potential, -0.50 V. 
accumulation time, 0 s (dotted line) and 30 s (solid lines); 
potential scan rate, 100 mV s ‘, 

traces of cobalt in the purified electrolyte. 
Voltammetric properties of Co(H)BPY complex 
in slightly alkaline medium were investigated by 
several groups [22-241. The Co(II)-BPY complex 
shows strongly adsorptive character at the mer- 
cury electrode. The reduction of the adsorbed 
Co(II)-BPY complex takes place around - 1.53 
V (vs. SCE) and the stripping peak current was 
used to determine trace amounts of cobalt with a 
detection limit of 5 nM after a few minutes of 
adsorptive accumulation [22,23]. On the other 
hand, as indicated in Fig. lD, with the addition of 
a small amount of Co(II), a new cathodic peak 
located at - 1.25 V was obtained when scanning 
the electrode potential in the negative direction, 
and the reverse scan gave another cathodic peak 
at - 1.1 V, suggesting a catalytic process. In the 
absence of nitrite, no catalytic current was ob- 
served for the electrode process. As we know, 
nitrite may disproportionate to nitrate and nitro- 
gen monoxide in aqueous medium [25]. When 
nitrate was substituted for nitrite, no obvious 
current peaks were observable between - 0.50 
and - 1.5 V except the redox responses of BPY, 
indicating that nitrate is not involved in the cata- 
lytic reaction. The fact that a well-defined and 
intensive signal was obtained in cyclic voltamme- 
try for 2.0 nM cobalt indicates the remarkable 
sensitivity associated with the catalytic process. 
The short accumulation period (stirred) resulted 
in a significant enhancement of the sensitivity, as 
compared with that of the non-accumulated re- 
sponse (broken line in Fig. 1D). The peak current 
decreased rapidly upon repetitive potential cycling 
and after a few cycles the peak currents ap- 
proached that of the non-accumulated response, 
suggesting desorption of the complex from the 
HMDE surface. 

The strongly adsorptive character of the 
Co(II)-BPY complex can thus be used as an 
effective means of an analyte accumulation step, 
prior to voltammetric measurement, making pos- 
sible a highly sensitive voltammetric procedure for 
cobalt analysis. Fig. 2A displays linear scan 
voltammograms for 0.30 nM cobalt after different 
accumulation periods, ranging from 5 to 40 s. The 
longer the accumulation time, the more the 
Co(II)-BPY complex was accumulated and the 
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Fig. 2. (A) Catalytic-adsorptive stripping voltammograms for 0.30 nM cobalt following diKerent accumulation periods: from bottom 
to top, 5-40 s in 5 s steps. (B) Stripping peak current versus accumulation time plots for (a) 0.050 nM, (b) 0.30 nM and (c) 1.0 nM 
cobalt. Accumulation at - 0.80 V; other conditions as in Fig. ID. 

higher was the current sensitivity, which again 
suggests the involvement of adsorption in the 
electrode process. As a consequence, the voltam- 
metric measurement of cobalt at sub-nanomolar 
levels is feasible after a very short accumulation 
period. Fig. 2B shows plots of the stripping peak 
current against the accumulation time at different 
cobalt concentrations, namely, 0.050, 0.30 and 1.0 
nM. In all cases, the stripping peak current in- 
creased linearly with increasing accumulation time 
from 0 to 60 s. For an accumulation time between 
80 and 120 s, further gain in sensitivity is very 
small at 1.0 nM. In addition, non-linear behavior 
between the concentration and the stripping peak 
current was also observed after prolonged accu- 
mulation, which reflects the adsorption equi- 
librium at different concentrations. 

3.2. EfSects of various experimental parameters 

Various experimental parameters affecting the 
stripping peak current of the Co(II)-BPY com- 
plex in linear scan voltammetry were explored and 
the results are presented in Fig. 3. Variation of 
pH produced a maximum in the stripping peak 

current between 8.55 and 9.25. Substantial de- 
creases in the stripping peak current were ob- 
served at both lower and higher pH values (Fig. 
3A). Since BPY is an essential component for the 
formation of the adsorptive complex, it is ex- 
pected that the stripping peak current is strongly 
dependent upon the BPY concentration. As 
shown in Fig. 3B, the stripping peak current 
increased sharply upon increasing the BPY con- 
centration from 0.0 to 1.5 p M and then started to 
level off between 2.0 and 6.0 PM. Slight decrease 
in the stripping peak current was obtained for 
higher BPY concentrations, presumably due to 
the competitive adsorption of BPY. The nitrite 
concentration also had a strong effect on the 
stripping peak current. For example, the response 
for 1.0 nM cobalt increased linearly with increas- 
ing nitrite concentration (Fig. 3C). Due to the 
reduction of nitrite at potentials more negative 
than - 1.5 V, a rather broad reduction peak was 
observable at much higher nitrite concentration 
which was found to interfere with the determina- 
tion of cobalt at low concentration levels. In 
addition, due to the cobalt impurity in purified 
electrolyte, especially in nitrite, increasing the ni- 
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Fig. 3. Dependence of the catalytic-adsorptive stripping current on (A) pH, (B) BPY concentration, (C) nitrite concentration and 
(D) accumulation potential. Accumulation time, 30 s; other conditions, as in Fig. 2B(b). 

trite concentration resulted in a larger back- 
ground current. Therefore 0.20 M nitrite was 
selected as the optimal concentration for a fairly 
good sensitivity. 

The influence of adsorption potential on the 
stripping peak current was examined over the 
range - 0.1 V to - 1.1 V. As illustrated in Fig. 
3D, the stripping peak current increased gradually 
when the adsorption potential became increas- 
ingly negative. The highest stripping peak current 
was attained at - 0.75 V and remained practically 
unchanged for accumulation potentials between 
- 0.75 and - 0.90 V. This pattern somehow 
reflects the charging state of the electrical double 
at the electrode-solution interface. For mercury 
electrodes, the potential of zero charge (PZC) is 
roughly around - 0.4 V. On the positive side of 
the PZC, the electrode is positively charged. As 
we know, the Co(II)-BPY complex is cationic 
(CO(BPY),’ + ); therefore the repulsive interaction 
between the Co(II)-BPY complex and the elec- 
trode surface prevents the Co(II)-BPY complex 
from accumulating onto the electrode surface at 
less negative accumulation potentials. As the ac- 
cumulation potential becomes more negative, less 
net possitive charges are found at the electrode 

surface and eventually the electrode is negatively 
charged once the accumulation potential is on the 
negative side of the PZC. Consequently, dramatic 
increase in the stripping peak current is observed. 
Due to the partial reduction of the accumulated 
complex, substantial decrease in the stripping 
peak current is expected when accumulation po- 
tentials are more negative than - 1.0 V, indicat- 
ing that only the Co(II)-BPY complex is 
accumulated at the HMDE surface, whereas the 
reduction product has no catalytic-adsorptive 
property. 

Subsequent experiments were, therefore, per- 
formed using 0.1 M pH 9.2 ammonium buffer 
containing 5.0 PM BPY and 0.20 M sodium 
nitrite, and the accumulation time of 30 s at 
- 0.80 V, taking into account the speed of the 
measurement and the performance. 

3.3. Linearity, detection limit and reproducibility 

Under these conditions, by taking advantage of 
the catalytic-adsorptive nature of the system, the 
sensitivity of the linear scan voltammetric method 
was improved significantly. The stripping peak 
current of the Co(II)-BPY complex was found to 
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be proportional directly to the cobalt concentra- 
tion in the range of 0.050 to 2.0 nM (correlation 
coefficient 0.998) with a current sensitivity of 0.81 
PA nM-‘, which is over ten thousand times 
higher than that of the simple diffusion-controlled 
current of cobalt ions. The detection limit, esti- 
mated from three times the standard deviation of 
repetitive measurements of 0.050 nM cobalt under 
optimal conditions, was found to be 9.5 pM (0.56 
p.p.t.) using the adsorption time of 30 s, which is 
comparable with or better than various Co(II)- 
dioxime systems [lo-141. Further lowering of the 
detection limit through extending the accumula- 
tion time was limited by the cobalt impurity 
( < 0.030 nM) in the purified electrolyte. The re- 
producibility of the procedure was established by 
a prolonged series of 25 repetitive determinations 
of 0.10 nM cobalt with the 30 s accumulation 
period. Parts of these determinations are shown in 
Fig. 4. The mean stripping peak current was 107 
nA, with a variation range from 102 to 114 nA 
and a relative standard deviation of 4.9%. 

3.4. Interfirences 

In the voltammetric determination of cobalt in 
the catalytic-adsorptive systems, other trace ele- 
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-E/V(vs. AglAgCI) 

Fig. 4. Catalytic-adsorptive stripping voltammograms for 0.10 
nM cobalt. Conditions as in Fig. 3. 

ments can interfere if they from a complex with 
BPY, adsorb on the HMDE, or produce a reduc- 
tion current at potentials near that of the Co(II)- 
BPY complex. Because of the extremely high 
current sensitivity, it is expected that the influence 
of a large excess of another reducible species on 
the determination of cobalt with be minute, even 
with a similar peak potential to that of the 
Co(U)-BPY complex. The effect of co-existing 
ionic species and surface-active substances on the 
determination of cobalt was investigated. More 
than fifty ions were examined for their possible 
interferences in the determination of 1.0 nM 
cobalt. It was found that large amounts of alkali, 
alkaline earth metal and common anions have no 
effect on the determination of cobalt. Amounts of 
less than 5000-fold Al3 +, Sn* +, Mn’+, SbO +, 
Ce’+, Pb”, ZrO’+, MOO,‘-, V02+, WO,‘-, 
Cd’- and Hg’+; 2000-fold In’+, Bi3+, Tl+, 
Ti? + , Ga3+, Pd’+, Cu2+ and Ag+; and lOOO- 
fold Fe2 + and Fe3 + had little effect on the deter- 
mination of cobalt. Moreover, excellent selectivity 
was observed against zinc. It was found that the 
determination of cobalt is free from the interfer- 
ence of zinc up to 50 ,uM. The fact that zinc was 
not interfering is of particular significance consid- 
ering its major interference in most of the Co(II)- 
dimethylglyoxime systems [26632]. But it is 
inferior to the Co( II)- Iy -benzil dioxime procedure 
in terms of selectivity against zinc [14]. 

In ammonium buffer solution containing BPY 
and nitrite, however, nickel and chromium each 
produced a catalytic-adsorptive stripping current 
peak at - 1.13 and - 1.40 V, respectively. They 
were found to interfere with the measurement of 
cobalt at concentrations higher than 100 nM and 
60 nM of nickel and chromium, respectively. Fur- 
thermore, owing to the adsorptive properties of 
the Co(II)-BPY complex, surface-active sub- 
stances, such as natural organic surfactants, Tri- 
ton X-100, sodium dodecyl sulfate and cetyl 
trimethyl ammonium bromide may interfere as a 
result of competitive adsorption at the electrode 
surface. For example, additions of 5.0 p.p.m. cetyl 
trimethyl ammonium bromide, Triton X-100 and 
sodium dodectyl sulfate resulted in 1 l- 18”/0 de- 
pressions of the stripping peak current. High con- 
centration of complexing agents, such as EDTA 
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was also found to suppress the response. For 
example, only slight suppression ( < 5%) was ob- 
served in the presence of 0.50 PM EDTA. How- 
ever the signal was almost completely eliminated 
by the addition of 0.10 mM EDTA. Depending 
on the complexity of the sample, for direct deter- 
minations of cobalt, complexing agents and natu- 
ral surface-active substances must be removed 
before the determination. Therefore necessary 
sample pretreatments, such as wet digestion and 
UV-irradiation, are strongly recommended. 

4. Conclusions 

In summary, the results obtained indicate that 
the procedure developed here offers a simple, fast, 
selective and sensitive method for the determina- 
tion of trace amounts of cobalt by means of the 
coupling of catalytic and adsorptive effects in the 
system Co(II)-BPY-nitrite. Catalytic-adsorptive 
voltammetry of the Co(II)-BPY complex may 
serve as an inexpensive and convenient alternative 
for highly costly mass spectrometry and neutron 
activation analysis. The proposed method gives 
extreme sensitivity and a much lower detection 
limit compared to AAS. Good selectivity against 
nickel and zinc adds to the versatility of the 
procedure. 
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Abstract 

The extraction of 12 closely related mono-azo dyes .by polyester- and polyether-type polyurethane foams was 
studied to gain more information regarding the mechanism of the extraction of organic compounds. The effects on 
extraction of solution pH, dye concentration and salt concentration were investigated. It was found that the 
extraction of the dyes involved a neutral zwitterionic species and is highly dependent on the parameters studied. The 
dependency of the extraction on these parameters can be explained in a manner consistent with solvent extraction; 
however, the dual-mode sorption mechanism seems a more likely model. This mechanism involves both absorption 
related to solvent extraction, and an added component for surface adsorption. While the dual-mode sorption model 
explains the observed extraction behaviour, the data suggest that surface adsorption plays a much larger role than 
previously considered. 

Keywords: Azo dyes; Polyurethane foam; Extraction 

1. Introduction 

With a heightened sense of environmental re- 
sponsibility comes a need for more economical 
methods of testing for, and removal of, organic 
pollutants. It is this area which has been a focus 
of research in organic applications of poly- 
urethane foams. Because of its desirable charac- 
teristics, polyurethane foam has been evaluated 
for its use to remove preconcentrate, and separate 
a variety of organic substances including phenols 
[1,2], phthalates [3], PCBs [4], carboxylic acids [5], 
and insecticides [2,6- 121. The quasi-spherical and 
open cell structures offer much higher flow rates 

* Corresponding author. Fax: (204) 275 0905. 

and higher concentrating ability compared to 
other solid sorbents [l]. 

Polyurethane foams have been used for more 
than 20 years to extract and separate both organic 
and inorganic substances from liquid and gaseous 
media. The development of this field, since its 
beginning with Bowen’s paper [13] in 1970, has 
been very well summarized by a number of re- 
viewers [14-201. However, aside from the work 
with insecticides, there has not been widespread 
acceptance and use of polyurethane foams for the 
extraction of organics from aqueous solutions, 
despite the number of advances made and the 
number of years for which this technology has 
been known. It is thought that the slow develop- 
ment of the area is at least partially due to the 
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lack of understanding regarding the mechanism of 
extraction. 

Over the years a number of possible mecha- 
nisms have been proposed, namely surface ad- 
sorption, solvent extraction, ligand exchange, 
anion exchange and cation chelation. The cation 
chelation mechanism was first proposed by Ha- 
mon et al. [21] in 1981, for the extraction of metal 
ions. In this mechanism, cations are effectively 
solvated by the oxygen atoms of the poly(ethylene 
oxide) portion of the foam. These sections of 
polymer adopt a helical structure with inwardly- 
directed oxygen atoms and appear to have a 
cation selectivity similar to the crown ether, 18- 
crown-6. The polymer in polyester foam does not 
easily assume a helical structure which is thought 
to explain the lower observed extractions. For the 
extraction of organics, solvent extraction, also 
referred to as phase distribution, is the most 
commonly proposed mechanism. In this mecha- 
nism the foam acts simply as a solid phase organic 
layer, into which the analyte is diffused. 

Much of the work done on the mechanism of 
extraction with organics has come in just a few 
papers. Schumack and Chow [22] were among the 
first to investigate this area. In their study they 
investigated the extraction of a variety of aro- 
matic organic compounds and how the extrac- 
tions were affected by extraction time, salt 
addition, solution pH, ethanol concentration and 
solution temperature. They concluded that the 
extraction of organic compounds occurs by an 
ether-like solvent extraction mechanism, and there 
was no evidence of a mechanism requiring an 
ionic species, as would be the case for ion ex- 
change or cation chelation. In addition they found 
that hydrogen bonding was a significant factor in 
the extractions, and that compounds containing 
phenolic or carboxylic groups were better ex- 
tracted with polyether-type polyurethane. The 
preference for polyether-type foam was attributed 
to its ability to form stronger hydrogen bonds 
than those formed with polyester-type foam. 

Chow et al. [23] looked at the extraction of 59 
organic dyes into polyurethane foams. Using a 
smaller subset of those dyes, they looked at the 
effects of salt addition, extraction from 50% 
methanol solutions, extractions using diethyl ether 

and ethyl acetate, and ordered the dyes in terms 
of polarity using thin layer chromatography. 
While broad in scope, this study was fairly incon- 
clusive and reported that the extraction of the 
organic dyes tested showed support for both sol- 
vent extraction and cation chelation mechanisms. 
It is currently thought that much of the confusion 
with their results is related to the researchers’ use 
of the distribution ratio, D, for comparisons 
among the dyes. Such comparisons are only valid 
if the distribution ratio is a good approximation 
of the distribution coefficient, Kd. For organic 
acids and bases, this only occurs when the pre- 
dominant species is in the neutral form [24,25]. 
Because the researchers did not optimize the ex- 
tractions with regard to solution pH, the distribu- 
tion ratio did not approximate the distribution 
coefficient. Results from the current study suggest 
that even when the predominant species is in its 
neutral form, additional factors must be consid- 
ered before the distribution ratio is suitable for 
making direct comparisons. 

Fong and Chow [26-281 published three papers 
studying the extraction of organic compounds 
into polyurethane foams. They first looked at the 
extraction of salicylic acid, 8-hydroxyquinoline, 
1 -amino-2-naphthol-4-sulphonic acid, and cin- 
namic acid. Based on salting-out effects and pH 
studies they concluded that the compounds were 
extracted as neutral molecules via a solvent ex- 
traction mechanism. Their work also confirmed 
the importance of hydrogen bonding as reported 
previously [22]. The second paper involved the 
extraction of alkali metal tetraphenylborates. 
Based on the extraction sequence of the alkali 
metals, they concluded that these extractions 
could be explained using the cation chelation 
mechanism. However in their following paper 
[28], which looked at the extraction of alkylam- 
monium tetraphenylborates and dipicrylaminates, 
they could find no conclusive evidence to support 
the cation chelation mechanism. They concluded 
that the selectivity for the alkylammonium ions is 
affected by a combination of effects which are 
steric, inductive, and hydrophobic in nature. 

While there seems to be a general consensus 
that the mechanism of extraction is a solvent 
extraction of a neutral species, cation chelation 



remains a possibility. There are still many unan- 
swered questions, especially regarding the role of 
functional groups attached to the analyte. Despite 
the shortcomings of the earlier dye study [23] it is 
thought that the wide variety of organic dyes 
available could be valuable probes into the sorp- 
tion mechanism of organic species. 

2. Experimental 

2.1. Apputu tus 

Spectra and absorbance readings were taken 
using a Hewlett-Packard Model 8452A diode-ar- 
ray spectrophotometer. Solution pH was mea- 
sured with an Orion Expandable Ion Analyser EA 
940. A Burrell Wrist-Action shaker was used for 
sample agitation. 

2.2. Reagents 

All chemicals used were of reagent grade and 
water was obtained from a Barnsted Nanopure 
IITM purifiction sustem fed with water purified by 
reverse osmosis. The majority of the dyes used 
were obtained from the companies Sigma and 
Aldrich and were used without further purifica- 
tion. Polyether foam used was obtained by Union 
Carbide Corporation and the polyester foam was 
purchased as diSPoTM plugs from Baxter, Canlab, 
Canada. 

2.3. Procedurr 

Both types of foam were cleaned before use. In 
order to remove inorganic contaminants, the 
foam was soaked and periodically squeezed in a 1 
M hydrochloric acid bath for 6 h. The foam was 
then repeatedly soaked, squeezed and rinsed in 
water until the pH of the rinse water was un- 
changed after an hour of soaking. After removal 
of excess water, the foam was Soxhlet-extracted 
with acetone for 6 h to remove any soluble or- 
ganic contaminants. The majority of the acetone 
was then squeezed out of the foam, which was 
then dried in a vacuum desiccator overnight. Fi- 
nally the foam was ground into a coarse powder 

by freezing the foam pieces in liquid nitrogen and 
grinding them in a metal container with a Waring 
blender. The ground foam was then stored in 
brown glass jars. 

Stock dye solutions were prepared on the day 
of an experiment by accurately weighing a chosen 
amount of dye, dissolving it in water and quanti- 
tatively transferring it with water to a 500 mL or 
1 L volumetric flask which was then filled to 
volume. Sample dye solutions of approximately 
10 ’ M were prepared by transferring a 60 mL 
aliquot of dye stock solution to a 100 mL volu- 
metric flask. Parameters such as pH and salt 
concentration were then adjusted before dilution 
to volume. 

Each extraction was performed using approxi- 
mately 0.1 g of foam accurately weighed into a 20 
mL sample vial. A 15 mL aliquot of 10 ’ M dye 
solution was added to the vial which was then 
sealed with plastic wrap and a screw cap. A 
comparison standard was prepared following the 
same method but omitting the foam. The vials 
were shaken for 24 h using an automatic shaker. 
After filtration through a # 4 Whatman filter the 
pH and UV-visible spectrum (190-820 nm) of 
the aqueous layer were taken. 

The degree of dye soprtion was reported as the 
distribution ratio, D: 

D=(VE)/W(lOO-E) (1) 

E = lOO(C,, - C,,,:C,, (2) 

where E is the percentage extraction, C, is the 
initial molar concentration of solution (M), C,, is 
the concentration of solution after sorption (M). 
V is the volume of solution (L) and W is the mass 
of foam (kg). 

3. Results and discussion 

3.1. Neutrul species rstruction 

The effect of solution pH on extraction was 
studied in order to confirm that neutral species 
extraction was occurring. The results were 
analysed by plotting the distribution ratio of the 
extraction against the equilibrium pH of the solu- 



Table 1 
Summary of the sorption results of the 12 dyes. (Conditions: z 10-j M dye solutions, 0.1 g foam, 15 mL solution, 24 h extraction 
time) 

Dye” Maximum distribution ratiob pH at maximum extraction 
U- kg-‘) 

Polyester Polyether Polyester Polyether 

HO,S*N=Na 
4-Phenylazobemenesulfonic acid 

4’-(4-hydroxyphuryia)~~ulfonic acid * 

Tropaealin 0 

Mordant Yellow 10 

Mordant Yellow 7 

1100 1000 1.5 2.5 

2100 5000 2.0 

4500 9500 2.5 

7500 9500 2.0 2.5 

9500 12000 2.5 

4500 7000 2.0 

5500 11500 2.0 

‘CN, 

4’-(2,6dimahyl-4-hydrmyphenylazo)benztnesic z&d 5000 8500 1.5 

4’-(4-atkoph~yl~)Wmtfonic acid 400 3000 3.0 

3.0 

4.5 

3.5 

3.5 

2.5 

3.5 

4.5 

Methyl orange 500 - 3.0 5.5 

Ethyl Orange * 4500 a 3.5 4.5 

H~++~=N-Q-NHP~ 

Orange IV 5 x 3.5 5.5 
“The dyes that have been assigned an asterisk, *, were used as sodium salt. 
bValues above 12 000 L kg-’ are listed as 2. 
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tion, producing what will be called an extraction 
projile. Fig. 1 shows the extraction profile of 
4-phenylazobenzenesulfonic acid (CPABSA). An 
obvious trend can be seen in this and the profiles 
of the other 11 dyes, all of which are summarized 
in Table 1. The results of the extractions for all 12 
dyes seem to follow a pK,-type curve. There was 
little or no extraction from solutions more basic 
than pH 6. As the solutions became more acidic 
there was an increase in extraction, which was 
always followed by a decrease in extraction as the 
solutions became increasingly more acidic. This 
decrease in extraction generally begins to occur 
with solutions at about a pH of 2. Notable excep- 
tions were those dyes containing an amino group, 
where the decrease in extraction occurred in solu- 
tions with a pH of 4 or less. 

The results of this pH survey can be easily 
interpreted as showing only neutral species extrac- 
tion, To aid in this interpretation, two of the dyes 
were chosen for further examination. Although 
the following arguments hold true for all of the 
dyes investigated, only these more extensively 
studied dyes will be discussed. For basic solutions 
of 4-PABSA, a large percentage of the species 
would be expected to be negatively charged be- 

1200 

Polyether - l 

Polyester - 0 

0 

0 2 4 6 6 10 12 

PH 

Fig. 1. Extraction profile of 4-PABSA. Conditions: z 10 - ’ M 
dye solutions, 0.1 g foam, 15 mL solution, 24 h extraction 
time. 

cause of the unprotonated sulfa groups (Fig. 2a). 
As the solutions become more acidic, the azo 
groups are expected to become protonated, and 
the molecules become zwitterions with an overall 
neutral charge (Fig. 2b). Such species therefore 
become extractable, as was observed. As solutions 
become very acidic (pH < 2) some of the sulfo 
groups also become protonated (Fig. 2c) produc- 
ing an unextractable species (because of its overall 
positive charge); therefore a decrease in extraction 
is expected. 

In order to further test the idea of neutral 
species extraction, the first pK, value of 4- 
PABSA, that of the azo group, was experimen- 
tally determined and estimated to be 2.55. Using 
this pK, value the percentage of monoprotonated 
species was plotted vs. the corresponding pH to 
produce the protonation profile shown in Fig. 3. 
When the sulfo group is unprotonated, upon pro- 
tonation of the azo group the molecule becomes a 
neutral zwitterion. Because above a pH of 1 the 
vast majority of the sulfo groups are in an unpro- 
tonated state, a plot of the percentage of proto- 
nated azo groups is therefore also a plot of the 
neutral species available. 

The relationship between the protonation 
profile and the extraction profile of 4-PABSA is 
emphasised by overlaying Figs. 1 and 3 as shown 
in Fig. 4. Although the extraction proceeds to 
some extent in solutions where there should only 
be a small percentage of neutral species, the sharp 
rise in extraction and the extraction maxima seem 
to correspond with the amount of neutral species 
available. These results suggest that the extraction 
mechanism can also explain the sharp decrease in 
the extraction in acidic solutions. This decrease is 
thought to occur because as the sulfo group be- 
comes protonated, it gives an overall positive 
charge to the molecule. Unfortunately, because of 
the acidity of the solution and therefore the in- 
strumental error associated with measuring such 
low values of pH, attempts to experimentally 
determine the pK, value of the sulfo group were 
unsuccessful. Literature values for the acid con- 
stant in aqueous solutions of this or any similar 
dye were also unavailable. 

The reliance of the mechanism on the presence 
of a neutral species can be more clearly illustrated 



Fig. 2. Charge states of 4-PABSA 

by analysing the results of the extraction of Ethyl 
Orange. The first pK, value of Ethyl Orange is for 
the amino group and as with 4-PABSA, the 
monoprotonation of the dye yields an overall 
neutral, extractable, zwitterion (Fig. 5b). As with 
4-PABSA, upon being doubly protonated, this 
time with the protonation of the azo group, the 
molecule becomes positively charged (Fig. 5c) and 
unextractable. In this case the neutral species in- 
volves a protonated amino group and an unproto- 
nated azo group. Therefore to graphically 
represent the percentage of neutral species 

I ’ I I I I I 4 
0 2 4 6 8 10 12 

PH 
Fig. 3. Protonation profile of 4-PABSA showing the percent- 
age of dye species with a protonated azo group. 
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Fig. 4. Overlay of Figs. 1 and 3 emphasizing the correlation 
between extraction of 4-PABSA and the percentage of neutral 
species available. Note: data points have been removed for 
clarity. 

present, the percentages of both protonated 
amino groups and protonated azo groups need to 
be plotted. In Fig. 6 the two percentage curves are 
shown; the neutral species is represented by the 
protonated azo group curve on the acidic side of 
their intersection (pH < 4) and the protonated 
amino group curve on the basic side of their 
intersection (pH > 4) 

The overlay of the extraction profile of Ethyl 
Orange and the protonation profile is shown in 
Fig. 7. Although the curves are shifted by 0.5 pH, 
the extraction using polyether-type polyurethane 
closely follows the percentage of Ethyl Orange 
that is predicted to be present as a neutral species. 

(a) -03S+N=N~NHKWOW2 

Fig. 5. Charge states of Ethyl Orange 
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PH 

Fig. 6. Protonation profile of Ethyl Orange. The percentage of 
neutral species is represented by the solid line, the percentage 
of protonated azo groups to the left of the intersection, and 
the broken line shows the percentage of protonated amino 
groups to the right of the intersection. 

The increase and decrease of the Ethyl Orange 
extraction mimic those percentages, which leaves 
little doubt that the extraction is of a neutral 
species. 

There is additional evidence that the majority 

100 

80 

60 
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Fig. 7. Overlay of the extraction profiles of Ethyl Orange, 
polyester (broken line). and polyether (solid line) with Fig. 6 
(dotted line). This emphasizes the correlation between the 
extraction of Ethyl Orange and the amount of neutral species 
present. Note: data points have been removed for clarity, 

of the extraction is dependent on the charge of the 
dye species, and not on a foam-related phe- 
nomenon. This comes from the fact that the in- 
crease in extraction, from basic to acidic 
solutions, follows the pK, curve of the dye being 
extracted. Specifically, this can be seen by com- 
paring the extraction profiles of 4-PABSA and 
Ethyl Orange. If this were a foam-related phe- 
nomenon, the extraction increase would be ex- 
pected to occur in solutions with similar pH 
regardless of the dye being extracted. Instead, the 
extraction appears to follow the pK, curve of the 
dye being extracted. 

It seems clear that the overriding mechanism 
involves the sorption of an overall neutral species. 
There is however some evidence of an additional 
extraction mechanism which has a less significant 
effect on the extraction. In Fig. 1, the slow in- 
crease in extraction of 4-PABSA as the solution is 
changed from pH 5 to 8, could be interpreted as 
showing two minor increases in extraction, be- 
tween pH 7 and 8, and between pH 5 and 6. 
These small increases in extraction are not easily 
explained using a neutral species extraction. One 
possible explanation for this behaviour lies in the 
protonation of nitrogen- and oxygen-containing 
groups of the foam; as the foam group becomes 
protonated it might act as a ion exchange site. 
However, given the small amount of extraction 
attributable to this mechanism when compared to 
neutral species extraction, this hypothesis was not 
further explored. 

3.2. Polyester vs. polyether 

The composition and structure of a polyester- 
type polyurethane are quite different from those 
of the polyether-type, so it is not surprising that 
they have different extraction characteristics. Al- 
though the extraction profiles have the same gen- 
eral shape, extractions with polyester foam are 
usually different from those using polyether. The 
two main differences are in the maximum amount 
of dye extracted and the solution conditions nec- 
essary for extraction to occur. 

The extraction profiles show that the increase in 
extraction from basic to acidic solutions, and the 
maximum extraction, occur in more acidic solu- 
tions with polyester than with polyether foam. 
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There seems to be a consistent need for solutions 
to be generally l-3 pH units more acidic for a 
comparable extraction into polyester compared to 
polyether foam (see Table 1). This suggests that 
the above effect is not a dye-related phenomenon, 
but rather is probably due to the differences in the 
dielectric constants of the two foams [29]. This 
shift of two pH units does not apply for the 
decrease in extraction, which occurs in the same 
pH range for the two foams. Since the extraction 
with both foams decreases as the percentage of 
neutral species declines, this can be interpreted as 
further proof of a neutral species extraction by 
both types of foam. 

Another difference, seen throughout the results, 
is that the extractions with polyether foam often 
have a higher maximum distribution ratio than 
with polyester. The extractions showing this be- 
haviour involve dyes with either a hydroxyl or 
amino functional group. Trends similar to this 
have been reported by previous researchers 
[22,26]. Schumack and Chow [23] found that com- 
pounds containing phenolic or carboxylic groups 
were extracted more efficiently by polyether than 
polyester foam. Through a comparison of ortho-, 
meta- and para-nitrophenols they determined that 
the difference in extraction can be attributed to 
the presence of hydrogen bonding. Hydrogen 
bonds are likely to be much stronger with a 
polyether than with a polyester foam [30] 
and therefore compounds containing hydro- 
gen bonding functional groups are likely to be 
better extracted by a polyether than a polyester 
foam. 

From Table 1 it can be seen that differences 
between polyether and polyester extractions are 
greater with those dyes containing an amino 
group than with hydroxyl-containing dyes. Fong 
and Chow [26] reported similar results using 
1-amino-2-naphthol-4-sulfonic acid. In their 
extraction, it is likely that the amino group 
was protonated; they suggested that an addit- 
ional ion-dipole interaction might explain the 
greater differences in their distribution ratios. This 
interaction could also explain the extraction be- 
haviour of the amino-containing dyes found in 
this study. 

3.3. Comparison of maximum extractions 

One of the aims of this study was to gain some 
insight into the role that functional groups play in 
the extraction process. This was to be done by 
comparing the maximum distribution ratios, 
D maxt of the similar dyes. It was thought that 
these comparisons would be valid since the maxi- 
mum distribution ratio should be a good approxi- 
mation of the distribution coefficient [24,25]. 
However, the strength of such comparisons is 
weakened, perhaps even invalidated, by the dis- 
covery of the dependence of the extraction on the 
equilibrium dye concentration, described next. 

3.4. Equilibrium dye concentration 

The discovery of an interesting trend was made 
while constructing the extraction profiles using 
data from several separate experiments. It ap- 
peared that the amount of extraction was some- 
how linked to the concentration of dye present 
during an extraction. In order to study this effect, 
an experiment was designed which varied the 
initial dye concentration from 5 mg L-’ to 500 
mg L-l. 

The results of this experiment showed that the 
distribution ratio is very dependent on the equi- 
librium dye concentration. Fig. 8 shows the re- 
sults using polyether foam; the results for the 
polyester-type (not shown) were similar. Initially, 
it was thought that this behaviour might be an 
indication that the foam was reaching capacity, 
i.e. it was becoming saturated with dye. To exam- 
ine this, data were used to plot the actual amount 
of dye being sorbed per gram of foam. Fig. 9 
shows that the polyether foam appears to ap- 
proach its capacity, estimated to be approximately 
12 mg of 4-PABSA per gram of foam. However, 
the experiments showing the greatest dependence 
on dye concentration occur under conditions well 
below this saturation level. In addition the 
polyester-type foam did not appear to become 
saturated. It was therefore concluded that the 
dependency of the sorption on equilibrium dye 
concentration was not related to the capacity of 
the foam. 
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Fig. 8. The effect of dye concentration on the extraction of 
4-PABSA. Conditions: 0.1 g foam, 15 mL dye solution 
( =z 10s5 M. pH z 2.5), 24 h extraction time. 

To explain these results two models were evalu- 
ated; one involves the solvent extraction mecha- 
nism and how it is affected by the ionic strength 
of the solution, the other, called the dual-mode 

0 100 200 300 400 500 

Equilibrium Concentration (mg/L) 

Fig. 9. Amount of 4-PABSA extracted per gram of foam. 
Conditions: 0.1 g foam, 15 mL solution, 24 h extraction time. 

sorption model [31], involves the solvent extrac- 
tion mechanism and the adsorption mechanism. 

3.4.1. ionic strength 
Examining the solvent extraction model shown 

below, we can better understand what might be 
occurring. 

HA x, * HA,,, 

(3) 

where HA is a neutral dye species, K,, is the 
distribution coefficient, aHA is the activity of the 
dye in the corresponding phase, and fHA is the 
activity coefficient of the dye in the corresponding 
phase. 

In this model there is an equilibrium between 
the neutral species in the aqueous phase and the 
neutral species in the organic phase, in this case 
the foam. This equilibrium can be expressed as a 
ratio of the activities of the dye in each phase, 
which in turn can be expressed as the distribution 
ratio multiplied by the ratio of the activity co- 
efficients of the dyes in each phase. It is usual to 
assume for dilute solutions that the activity co- 
efficients are both near unity and constant [32]. 
Therefore the distribution coefficient Kd is ap- 
proximately equal to the distribution ratio and it 
is generally assumed that solvent extraction is 
concentration independent. 

The problem then is to explain the extraction 
results using this solvent extraction model. One 
plausible explanation involves the assumption 
made regarding the activity coefficients. From Eq. 
(3) it can be seen that if either of the activity 
coefficients were not constant, the distribution 
ratio, D, would have to change since Kd, the 
distribution coefficient, is a thermodynamic con- 
stant. One thing that would change the aqueous 
activity coefficient of the dye is the ionic strength 
of the solution. 

Although it has been shown that the extraction 
is largely of neutral species, the species involved 
are actually zwitterions. Therefore it might be 
possible that changing the concentration of the 
dye would also change the ionic strength of the 
solution, although no information regarding such 
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Fig. 10. Effect of potassium chloride concentration on the 
extraction of 4-PABSA with polyether foam. Conditions: I5 
ml dye solution ( z IO-’ M, 0.001-4 M KCI). 0.1 g foam, 15 
mL solution, 24 h extraction time. 9. Acidic conditions: 0 
basic conditions. 

effects was found in the literature. As the ionic 
strength of the solution increases, the activity 
coefficient of the dye in solution would decrease 
[32]. Again, looking at Eq. (3) it can be seen that 
this would cause the ratio of the activity co- 
efficients to increase. Since K,, is a thermodynamic 
constant, the distribution ratio would have to 
decrease as the aqueous activity coefficient de- 
creased. This is the exact behaviour observed in 
these experiments. While there is some doubt as 
to whether such small increases in dye concentra- 
tion could affect its activity coefficient, additional 
strength is added to this argument by the salt 
concentration results shown in Fig. 10. This Fig- 
ure shows that under acidic conditions, very small 
salt concentrations have a large effect on the 
extraction efficiency. The behaviour observed is 
similar to that with increasing dye concentration, 
and can be explained in the same way. As the salt 
concentration increases, the ionic strength of the 
solution will increase. 

The behaviour observed in basic solutions is 
quite different from that found with acidic solu- 
tions. In this pH range there is originally no 

extraction without salt present; upon the addition 
of salt there is an increase in extraction. These 
results are similar to the salting-out effect, where 
upon addition of a salt the extraction of a non- 
ionic solute increases. However, at the basic pH 
of the experiment, only charged species should 
exist. In this case it is possible that the potassium 
ion could associate with either the negatively 
charged sulfo group or with the pair of electrons 
on one or both of the nitrogens of the azo group. 
These possible associations would yield neutral 
species which could be extractable, as was ob- 
served. 

Based on this model, as a solution approaches 
infinitely dilute conditions, the distibution ratio 
should become a closer approximation of the 
distribution coefficient and the maximum distribu- 
tion ratio for an extraction should become more 
constant. However, even when the equilibrium 
dye concentration approaches the limits of detec- 
tion, the distribution ratio showed no signs of 
levelling off, therefore no estimation of Kd can be 
made. 

3.4.2. Dual-mode sorption 
Dual-mode sorption is the second model used 

to try and explain the dependence of the extrac- 
tion on the equilibrium dye concentration. In this 
model, the sorbed dye is classified into two 
groups: the absorbed dye (solvent extraction 
mechanism), and the adsorbed dye (surface ad- 
sorption described by the Langmuir equation). 
This model is mathematically represented as 

where Corg and C~4 are the equilibrium dye con- 
centrations on the polyurethane foam and in solu- 
tion, C,, and C,, are the equilibrium dye 
concentrations on the foam as an absorbed spe- 
cies and as an adsorbed species, S is the satura- 
tion value for the Langmuir adsorption, K,, is the 
distribution coefficient, and KL is the Langmuir 
constant. 

Eq. (4) can be solved for the distribution ratio, 
D as 

D=K,+ SK, 
1 + K,C,, 
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From Eq. (5) it is now obvious that the distri- 
bution ratio is not independent of the dye concen- 
tration. The equation can be fitted to the 
extraction data, shown in Fig. 11, giving the 
values IQ,=30 L kg-‘, S=O.O12 mol kg-l, and 
KL = 300 000 L mol- I. From Eq. (5) it can be 
seen that as the concentration of the dye in- 
creases, the contribution to D approaches the 
value of &. As the concentration approaches 
zero, D should approximate Kd + SK,. No level- 
ling off of D was observed as Ca, approached 
zero; however, as C,, increased, a levelling off of 
D was observed. Therefore according to this 
model, the data obtained suggest that the absorp- 
tion coefficient, K,,, is much smaller than previ- 
ously thought. 

Future studies will need to focus on soluble 
non-ionic dyes or other organic compounds to 
test these findings. This approach should elimi- 
nate any effect on the ionic strength of the solu- 
tion but should not affect the amount of 
adsorption occurring. 

4. Conclusions 

The study of the extraction of 12 closely related 
mono-azo dyes shows that these compounds are 
extracted as neutral zwitterions and that their 
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Fig. 11. Graphical representation of the dependence of the 
distribution ratio on equilibrium dye concentration according 
to the dual-mode sorption model. Eq. (S) fitted to data from 
Fig. 8. 

extraction may involve a number of mechanisms. 
When anionic species are present below a pH ot‘ S. 
there is some evidence to support some for-m ol‘ 
ion-exchange mechanism. However, even lvhen 
this mechanism is thought to be operating, its 
contribution to the overall extraction seems to bc 
small. The extreme sensitivity of the extraction to 
dye concentrations which was found can be Ed- 
plained using either a solvent extraction model or 
a dual-mode sorption model. 

The solvent extraction model requires that very 
small increases in the dye concentration will have 
large effects on the ionic strength of the solution. 
While doubtful, this idea is supported by the salt 
concentration experiments done under acidic con- 
ditions. However, the salt concentration results 
may also be explained by the cation being 
chelated or ion paired with the dye producing an 
unextractable dye species, mechanisms unrelated 
to ionic strength. 

The dual-mode sorption model offers an excel- 
lent description of the observed behaviour and of 
the two models presented seems the most plausi- 
ble. According to this model when analyte con- 

centrations are low adsorption is responsible for 
the majority of the sorption, but when analyte 
concentrations are higher, absorption becomes the 
dominant mechanism because of its higher capac- 
ity. Although the model implies a much greater 
role of adsorption than previously considered, this 
seems logical given the large surface area of a 
foamed polymer. 

The inability to confidently obtain the distribu- 
tion coefficient for the extractions of the dyes has 
reduced our ability to make the comparisons be- 
tween dyes that are necessary to study the effect 
of various functional groups. Despite this limita- 
tion the results s1 J\N that there can be large 
differences in the extractions due to the presence 
and position of functional groups on the ring 
structure of the dyes. The cause of these differ- 
ences and other extraction behaviour are not fully 
understood and need further study. 

Previous researchers have relied heavily on the 
solvent extraction model to explain the extraction 
of organic compounds using polyurethane foam. 
The distribution ratio, while useful for describing 
the results of liquid-liquid extractions, has been 
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shown not to be adequate for comparisons 
between extractions using polyurethane foam, 
especially when dealing with low analyte concen- 
trations. Once the dual-mode sorption mechanism 
is confirmed in future experiments, further studies 
will be able to easily estimate the extraction con- 
stants of both absorption and adsorption. Using 
those values researchers can then begin to make 
the proper comparisons necessary to study the 
mechanisms of extraction and the roles of the 
functional groups of the analytes. 
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Abstract 

An approach for quantitative spectrophotometric analysis of binary mixtures based on first derivative spectra is 
developed. The proposed method is used for investigation of the complex formation of some aza-15-crown-5-contain- 
ing ligands with Sr’+ , where the stability constant is low and the absorption spectrum of the complex cannot be 
obtained directly. The described general approach can be applied for quantitative analysis of any other two-compo- 
nent mixture where the absorption spectra of the components cannot be obtained experimentally. 

Keywords: UWVis spectroscopy; Derivative spectroscopy: Complex formation; Aza-I 5-crown-5 

1. Introduction The application of these methods for investiga- 
tion of complexation processes of the type 

nL + LJM = MyLn z C 
It is well known that the quantitative spec- 

trophotometric analysis of complex mixtures 
where the spectra of the individual components is 
unknown is generally an impossible task [l], ex- 
cept in cases where some additional information 
allows the creation of a non-linear optimization 
model. Recently, some methods for analysis of 
binary systems based on such non-linear regres- 
sion models [2], analysis of overlapped absorption 
bands [3,4] or by finding the individual absorption 
ranges of the components [5,6] have been devel- 
oped, but it should be noted that these methods 
employ complicated mathematical algorithms and 
sometimes require massive computations. 

* Corresponding author 

is possible, but a simpler mathematical procedure 
could be used because in these cases the ligand (L) 
spectrum is known. At the same time the com- 
plexation process is very often characterized by a 
low stability constant, i.e. the equilibrium is not 
shifted totally to the complex (C) and so its 
spectrum cannot be obtained experimentally. 
Thus quantitative analysis is impossible, especially 
if the structure of the complex formed is unknown 
(i.e. n and q are unknown). 

In order to overcome such problems the aim of 
this study is to modify the first derivative spectra 
method [7] and to use it for quantitative analysis 
of binary mixtures composed of individual pure 
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components with unknown spectra, and then to 
apply it to spectrophotometric investigation of 
complexation of aza- 15-crown-5-containing chro- 
moionophores with Sr*+. During the last few 
years we have designed a series of such chro- 
moionophores and studied their complexation 
with alkali and alkaline-earth ions [4,5&10]. 

2. Experimental 

2. I. Synthetic procedure 

The chromoionophores I-V (Scheme I) are 
synthesized as previously described [8]. 

CHZ 

c104- 

Scheme I. 

2.2. Anulytical proce&re 

Absorption spectra were recorded on a Perkin- 
Elmer Lambda 17 UV-Vis spectrophotometer 
in dry acetonitrile (Uvasol). Acetonitrile used 
was dried as follows: after 4 h boiling over CaH, 
it was distilled and stored over a molecular sieve. 
Sr(ClO& was obtained by treating SrO with con- 
centrated HClO, (Merck). 

The experimental spectra obtained were pro- 
cessed using a special program DERGSK for 
MATHCAD 3.0 (Windows version), based on the 
algorithm described above. 

3. Theory 

The quantitative analysis of a binary isomolar 
system is based on the additivity principle: 

A(i) = x, . A,(i) + x, A&i) (1) 

where A(i) is the absorbance measured at the 
wavelength /i, X, and x2 are the molar fractions of 
the components and A,(L) and A*(J) are the 
individual absorbances of the components at the 
wavelength 1. By differentiation Eq. (1) is trans- 
formed as follows: 

dA(xl) dA,(i) 
T=Xl 

dA,G) 
7+x,.- 

d/i (2) 

Evidently when A,(/i) (dA,(i)/d/i respectively) or 
A,(i) (dA,(l,)/di. respectively) are unknown the 
analysis of the system is generally impossible. 
However, if the absorption maxima 2, and 1, in 
both spectra are known then Eq. (2) is trans- 
formed into 

dAh) dA,G, 1 
di 

=x2.7 
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(4) 

Using the mass balance (x, +x2 = 1) and substi- 
tuting for relations (3) and (4) in Eq. (2), a linear 
relationship for the first derivatives of a series of 
isomolar solutions at E., and R, is obtained: 

dA’(2,) dA,(i,) dA’(&) (dA,(/.,)/dl) -=------- 
di di dl (dA,U,)ld%) 

(5) 

From the intercept and slope of Eq. (5) the 
dA,(/i,)/d/i and dA,(R,)/di values are estimated 
and using Eqs. (3) and (4) the molar fractions of 
both components can be calculated. 

It is evident that the main problem for the 
successful application of this approach is the de- 
termination of 1, and i,,, which could be made 
using: 
-visual evaluation of the absorption spectra of 
the isomolar solution. This method, however, is 
very uncertain, especially in cases of strong over- 
lapping of the bands of the individual components 
and when weak spectral changes are observed. 
-estimation using the second derivative spectra. 
This estimation could be incorrect if the electronic 
bands have a vibrational structure [11,12]. 

4. Results and discussion 

The complex formation between alkali and al- 
kaline-earth metal ions and aza- 15-crown-5-con- 
taining dyes can be described with the relation 
[13,14]: 

L+M+C 

If the ligand concentration is constant (i.e. the 
system is isomolar for the ligand) and the metal 
salt concentration (CM) is different in each solu- 
tion the following relations are valid: 
Mass balance: 

x;+x;.= 1 

Stability constant: 

fi=* 
M 

Additivity of the first derivatives: 

(6) 

(7) 

dA ‘(,i,.) dA,(i,) dA’(i,) dA,(i.,)/dl -. 
di, 7- d/i dA,(&),‘di (8) 

where i = 1 -p, p is the number of isomolar solu- 
tions, & and 2, are the absorption maxima of the 
ligand and the complex respectively, xL and xc 
are the molar fractions of the ligand and the 
complex respectively, and C, is the concentration 
of the metal salt. 

The experimental spectra obtained by adding 
different amounts of Sr(ClO,), to the solution of I 
are shown in Fig. la. It is evident that the com- 
plexation results in decrease of the ligand band 
intensity at approximately 540 nm and the ap- 
pearance of a new band at approximately 450 nm 
due to the complex formed. On the whole, how- 
ever, the spectral changes are rather weak. As 
long as the ligand spectrum is known the absorp- 
tion maximum can be easily estimated (i.e. 
iL = 537 nm) and by means of the Golay- 
Savitzky method [15] the dA,(l)/dl value can be 
calculated. The value of i,, cannot be determined 

80000 
a 1 I 

I I I I 1 I I 

400 500 600 
WAVELENGTH [nm] 

Fig. I. Absorption spectra of I in dry acetonitrile in the 
presence of different amounts of Sr(ClO.&. CSr,,-IoJj2 
(x IO’ mol I-‘): I. 0: 2, 1.04; 3, 1.39; 4, 2.20; 5, 2.78; 6, 3.47. 
Calculated spectrum of the complex (. .). (b) The first deriva- 
tive spectra of the solutions shown in Fig. l(a). 
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Table 1 
The stability constants of the Sr’+ complexes and the spectral characteristics of the corresponding ligands and complexes 

Compound kB Ligand Complex 

4n.m ~nl.,.Y 4%>* %l.,, 

I 1.32 kO.17 537 68160 452 29160 
1.33 &O.lo” 

II 1.08 & 0.29 650 69460 536 40950 
1.06 i 0.21” 

III 2.07 +O.lZ 517 56480 404 32570 
2.05 +_ 0.08” 

IV 1.67 kO.14 518 57010 417 26840 
1.67 F0.10” 

V 3.26 k 0.08 358 42990 321 26420 
3.25 + 0.04b 

a Using the method described in Ref. [5]. 
b Using classical multicomponent analysis, because the spectrum of the complex can be obtained experimentally. 

from the spectra shown in Fig. la because the 
spectral changes in the range 400-500 nm are 
rather weak. 

In Fig. 1 b the first derivatives of the absorption 
spectra of Fig. la are shown. As is seen the 
spectral changes are rather weak. The situation 
for the second derivatives is the same and at 
about 450 nm no definite maximum characteristic 
for & is observed. For this reason the following 
procedure was used to determine A,: 

(1) The change in i in the spectral range 400- 
500 nm with a small step, i.e. /i’= 400 +j.Aj 
(Ai, = 1 nm), was determined. 

(2) For every j value the dependence dA’(i,j)/ 
d,? =f[dA’(i,)jdi,] was obtained and the corre- 
sponding intercept (IY’) was calculated according 
to Eq. (8). 

(3) Calculation of the square (S) of the differ- 
ence between the estimated IY’ value and the 
value calculated from the ligand spectrum 
dA,(i’)/di,: 

(9) 

Evidently when ii = R, then IYJ = dAL(RJ)jdi, ac- 
cording to Eq. (8) and S, tends to 0, i.e. i/ = i, S, 
has a minimal value. 

Using this procedure it was estimated that 
/i, = 452 + 1 nm and in accordance with relations 
(8) (3) and (4) the molar fractions of the ligand in 
every solution were determined. 

Using the dependence 

XL lg- = 
1 -XL kB + kG1 (10) 

which follows from Eqs. (6) and (7) the value of 
lg/? = 1.32 + 0.17 was obtained with a good re- 
gression coefficient (0.998). The same value was 
obtained by treatment of the spectral curves (Fig. 
la) with another approach as described in Ref. 
[5], thus confirming the reliability of the proce- 
dure described above (Table 1). 

Using the data obtained for xc in accordance 
with Eq. (1) the spectrum of the complex was 
calculated and is shown in Fig. la. 

Similarly, using the same procedure, the stabil- 
ity constants for the Sr2+ complexes with the 
other ligands were estimated and the data ob- 
tained together with the spectral characteristics of 
the corresponding ligands and complexes are col- 
lected in Table 1. As seen in Table 1 standard 
deviations of lg/? determined according to the 
present approach are bigger than those estimated 
according to Ref. [5] and this fact could be ex- 
plained by the increase in the signal/noise ratio in 
the first derivative spectra. In spite of the rela- 
tively low accuracy of the present approach its 
application might be useful in cases where the 
classical spectrophotometric analysis could not be 
used. 
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5. Conclusion 

An approach for quantitative spectrophoto- 
metric analysis of binary mixtures based on 
first derivative spectra has been developed. The 
proposed method is used for investigation of 
the complex formation of some aza-15-crown- 
5-containing ligands with Sr2+ where the sta- 
bility constant is low and the absorption spec- 
trum of the complex cannot be obtained di- 
rectly. The results obtained are in good 
agreement with those obtained for complexation 
of these ligands with Ca*+ and Ba* + described 
previously [9, IO]. 
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Abstract 

A simple and rapid procedure for the determination of fish freshness was developed and applied to the 
determination of the K, parameter (freshness indicator): K, = ([HXR] + [HX])/([IMP] + [HXR] + [HX]) x 100, where 
[IMP], [HXR] and [HX] are inosine monophosphate. inosine and hypoxanthine concentrations, respectively. A 
platinum electrode is used to detect hydrogen peroxide produced by the enzymatic reaction catalysed by xanthine 
oxidase immobilised on the electrode surface. The determination of inosine and inosine monophosphate was 
performed by the addition of nucleoside phosphorylase. 5’-nucleotidase or alkaline phosphatase to the buffer solution. 
Parameters such as type of buffer, amount of enzymes and sample treatment were optimised. With this procedure a 
linear response was obtained in the concentration range 1 x 10 php2 x 10 5 mol I ’ for hypoxanthine, inosine and 
inosine monophosphate. The detection limit was 5 x lo-’ mol I ‘. 

Kc~i~ovds: Enzyme sensor; Fish freshness: Platinum electrode 

1. introduction 

The establishment of a simp!e, rapid and accu- 

diately after the death of fish, ATP in fish muscles 
starts to degrade to uric acid through the follow- 
ing autolytic pathway: 

rate method for the determination of fish fresh- 
ness is required in the food industry. Various 
indicators of spoilage such as volatile basic nitro- 
gen [l], ammonia [2], amines [3], volatile acids [4], 
and pH [5] have been reported. However, fish 
freshness is difficult to measure satisfactorily from 
these indicators and, further, they require pre- 
treatment and complicated procedures. In recent 
years, considerable attention has been focused on 
nucleotide degradation in fish muscle as a reliable 
indicator of the freshness of raw fish [6, 71. Imme- 

ATP + ADP --t AMP + IMP 

+HXR-+HX+X+U 

where ATP, ADP, AMP. IMP, HXR, HX, X and 
U represent adenosine triphosphate, adenosine 
diphosphate, adenosine monophosphate, inosine 
monophosphate, inosine, hypoxanthine, xanthine 
and uric acid respectively. To indicate fish fresh- 
ness a K value, based on the degradation of these 
compounds in fish meat, is defined [8]: 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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K= 

[HXR] + [HX] 
[ATP] + [ADP] + [AMP] + [IMP] + [HXR] [HX] 

x 100 

It has been shown that fishes with K < 20 are very 
fresh, fishes with 20 < K < 40 must be cooked and 
those with K > 40 are not suitable for human 
consumption [9]. Since ATP, ADP and AMP 
disappear around 24 h after the death of the fish, 
the K value is defined as [lo] 

[HXR] + [HX] 
K1 = [IMP] + [HXR] + [HX] x loo 

It is then possible to estimate the fish freshness by 
measuring only three of the six parameters. 

2. Proposed method for determination of fish 
freshness 

The biochemical pathways of IMP degradation 
are: 

IMP “,’ HXR + P, 

HXR + Pi 2 HX + ribose- l-phosphate 

HX + 20, “,o UA + 2H,02 

where NT, NP, X0 and P, are 5’-nucleotidase, 
nucleoside phosphorylase, xanthine oxidase and 
phosphate respectively. IMP, HXR and HX can 
be determined by using oxygen or hydrogen per- 
oxide electrodes coupled to the enzymes men- 
tioned above. 

The oxygen consumed or hydrogen peroxide 
formed on the electrode surface produce a current 
variation which is correlated to the concentration 
of these metabolites in solution. The determina- 
tion of the K, value by oxygen-based probes has 
been reported in the literature. Analysis was car- 
ried out by immobilisation of the enzymes onto 
the electrode surfaces which were inserted in a 
flow cell [lo], or by enzyme linkage on chitosan 
porous bead reactors [l 11. The first method 
requires a software-controlled instrumentation, 
while the second is based on two reactors and two 
oxygen electrodes in a flow injection system. 
Moreover, for both the devices a calibration curve 

for each metabolite is necessary. 
In this study a fast and simple procedure based 

on a hydrogen peroxide probe was developed. 
Hypoxanthine was determined by immobilisation 
of xanthine oxidase on the electrode surface. 
Inosine monophosphate and inosine were mea- 
sured by adding, in solution, 5’-nucleotidase and 
nucleoside phosphorylase using an end-point pro- 
cedure. The method of determination is shown in 
Fig. 1: the first current variation upon the addi- 
tion of fish extract was related to hypoxanthine, 
then ucleoside phosphorylase and 5’-nucleotidase 
we added and the relative current variations due 

l 
t HXR and IMP were recorded. With this proce- 

ure the K, value can be measured as follows: 

K, = A, + A, 
A, + A2 + A, 

Therefore, in principle, no calibration curve is 
required. Alternatively, the determination of IMP 
has also been performed by replacing S-nucleoti- 
dase (which is quite expensive) with much cheaper 
alkaline phosphatase (AP). Results are compared. 

3. Experimental 

3.1. MateriaIs 

5’-Nucleotidase (EC 3.1.3.5) from Crotalus 

TIME 

Fig. I. Determination of the K, value using X0, NP and NT. 
A = sample addition, B = NP addition, C = NT addition; 
A,, Al, A, = current variations due to HX, HXR and IMP 
respectively. 
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Adamanteus, alkaline phosphatase (EC 3.1.3.1) 
from bovine intestinal mucosa, nucleoside phos- 
phorylase (EC 2.4.2.1) bacterial, xanthine oxidase 
(EC 1.1.3.22) from buttermilk, hypoxanthine, 
inosine, and inosine monophosphate were pur- 
chases from Sigma Chemical Co. (St. Louis, MO). 
The “Immunodyne Immunoaffinity” membrane 
(0.45 pm pore) was from Pall Biosupport Division 
(Glen Clove, NY). Cellulose acetate membrane 
(approximate molecular weight cut-off 100) was 
prepared in the authors, laboratory; the procedure 
is reported in the literature [12]. 

Polycarbonate membrane (0.03 pm pore size, 
6 pm thick) was from Nucleopore Plesanton, 
CA). 

3.2. Apparatus 

The hydrogen peroxide-based platinum elec- 
trode (0.3 mm2 nominal surface area) and the 
amperometric biosensor detector (ABD) were 
from Universal Sensors Inc., (Metairie, LA). The 
current output was recorded with an Amel model 
868 recorder (Milan). 

3.3. Electrode assembly 

The biosensor probe consists of a platinum 
electrode polarised at +650 mV vs. a built-in 
silver/silver chloride reference electrode. This 
probe was assembled by placing the following 
membranes on an inverted electrode jacket in the 
given order: cellulose acetate (which protects the 
platinum electrode from electrochemical interfer- 
ences), the enzyme membrane, and a polycarbon- 
ate membrane (which protects the enzyme from 
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surement of H,O,. A solution of uric acid gives a 
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variation obtained by the same concentration of 
hydrogen peroxide. Xanthine oxidase produces 
from hypoxanthine two moles of hydrogen perox- 
ide and one of uric acid. Therefore. with this 
membrane in place, we measure only hydrogen 
peroxide formation. The membranes were then 
secured with an O-ring. The electrode jacket was 
filled with a solution of 0.1 M potassium chloride, 

the electrode was then inserted into the jacket and 
screwed down until the tip of the platinum was 
firmly in contact with the membranes. 

3.4. Enzyme immobilisation 

Xanthine oxidase was immobilized on the “Im- 
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the unbound enzyme. The enzymatic membrane 
was stored at 4°C in 0.05 M phosphate buffer 
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3.5. Prepuration of’ fish extract 
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tion of fish fillet by precipitation with 
trichloroacetic acid; (2) centrifugation; (3) neutral- 
ization of supernatant with sodium hydroxide. A 
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nization of 5 g of fish meat with 15 ml of distilled 
water. The homogenate was then filtered through 
a membrane filter (0.2 pm pore size). The filtrate 
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Fig. 2. Calibration curve of hypoxanthine 

4. Results and discussion 

4.1. Parameter optimisution 

Different buffers were tested at room tempera- 
ture, fixing the pH at 7.8, which represent a 
compromise for the three enzymes [17]. The 
buffers were Hepes, Mops, Tris and Imidazol. The 
latter gave a low and reproducible background 
current, and was therefore selected to calibrate the 
probe using standard solutions of hypoxanthine. 
As shown in Fig. 2 the linear range was from 
1 x 10V6 to 2 x lop5 mol I-’ with a detection 
limit of 5 x lo-’ mol l- ’ of hypoxanthine. For 
the detection of inosine monophosphate and 
inosine it was necessary to optimize the amount of 
phosphate in the buffer; phosphate is a substrate 
of nucleoside phosphorylase and a product of 
S-nucleotidase. As is shown in Fig 3., for all three 
enzymes we obtained a response of 100% using a 
phosphate concentration of 20 mmol 1-l. Total 
volume, buffer concentration and enzyme units of 
NT and NP added were optimized. When the 
volume of the buffer was decreased, keeping con- 
stant the enzyme amounts, the response time de- 
creased. Using 0.4 U of NP and a concentration 
of HXR = 2 x 10e5 mol 1-l we obtained the fol- 
lowing response times with different volumes of 
buffer: 20 ml, 10 min; 10 ml, 5 min; 3 ml, 3 min. 

Keeping a constant volume of 3 ml and 0.4 
units of NP the amount of NT was varied. At a 
concentration of 2 x lops mol1V’ IMP we ob- 
tained the following response times with different 
amounts of NT: 0.56 U, 6 min, 1.0 U, 4 min. One 
unit of NT gave an acceptable response time. 

When S-nucleotidase was replaced with alka- 
line phosphatase we observed that the reaction 
time was too slow with a concentration of 
20 mmol l- ’ of phosphate, so we decided to elim- 
inate phosphate during the reaction of alkaline 
phosphatase. Phosphate and then NP were added 
at the end of this reaction. It was observed that 
using standard solutions of IMP, 4 U of AP in 
3 ml buffer converted 2 x IO- ’ mol 1~ ’ of IMP to 
HXR completely in 1 min. With this procedure 
the determination of the K, value is obtained by 
analysing the fish sample twice (Fig. 4). The first 
measurement was performed in imidazol buffer 
+20 mmol 1-l of phosphate with addition of a 
few microliters of fish extract and then NP (Fig. 
4a). The current signals of HX and HXR are 
measured in this step. In the second measurement 
after addition of fish extract to the imidazol 
buffer, AP was added and after 1 min 
NP + 20 mmol 1-I of phosphate were injected. In 
this step the current signals of HX and 
HXR + IMP were obtained (Fig. 4b). With this 
procedure the K, value can be defined as follows: 

0 ~ I I 

0 5 10 15 20 

Phosphate mmol/L 

Fig. 3. Optimization of phosphate concentration. [HX] = 

[HXR] = [IMP] = 2 x 10WJmol I-‘. 
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Fig. 4. Determination of the K, value using X0, NP, AP. A 
= sample addition, B = NP addition, C = AP addition, 
D = NP and phosphate addition; A,, A,, A, = current varia- 
tions due to HX, HXR and HXR + IMP respectively. 

4.2. Response of the biosensors to HX, HXR, 
IMP 

In Fig. 5 three calibration curves are reported, 
with all parameters optimized, in the range 
1 x 10p6-2 x lops mall-‘. As shown, these cali- 
bration curves established by using three different 
metabolites resulted in only one line, an indica- 
tion of total conversion of inosine monophos- 
phate and inosine to hypoxanthine. 

5. Analysis of fish samples 

For most measurements the procedure for de- 
termination of K, was realised with NT enzyme, 
which is more rapid. To 3 ml of imidazol buffer 
(0.05 M, pH 7.8) with phosphate (20 mM) 5 ~1 of 
fish extract was added and according to Fig. 1 a 
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Fig. 5. Calibration curves of HX, HXR and IMP with all 
parameters optimized. 

current variation due to HX was recorded. Then 
NP (0.4 U) and finally NT (1 U) were added and 
the relative current variations due to HXR and 
IMP were recorded. The total analysis time is less 
than 10 min which is acceptable. Recovery studies 
were carried out by adding HX, HXR and IMP to 
the buffer after the fish extract addition. The 
results, reported in Table 1, show good recoveries 
of between 98% and 106%. 

The determination of K, values in 12 fish sam- 
ples is reported in Table 2. Two different species 

Table 1 
Recovery studies of HX, HXR and IMP added to three fish 
extracts 

Sample Added Expected Found Recovery 
(10~6mol (IOV mol (10m6 mol 
I-‘) I-‘) I-‘) 

1 HX 5.0 6.8 7.2 106 
HXR 5.0 8.2 8.4 102 
IMP 5.0 19.4 19.4 100 

2 HX 5.0 6.6 6.8 103 
HXR 5.0 8.5 8.3 98 
IMP 5.0 17.0 17.0 100 

3 HX 3.2 5.4 5.6 104 
HXR 3.2 10.3 10.8 105 
IMP 3.2 10.7 11.0 103 



288 G. Volpe, M. Mm&i / Talanta 43 (1996) 283-289 



G. C’olpe, M. Mascini 

of carp (common carp and mirror carp) were 
stored under different conditions and analysed. 
Five samples were analysed with both procedures 
using NT and AP. Both species showed an initial 
K, value of about 25-26%. During storage at 
3°C the K, value increased to about 57% for 
common carp after 24 h, while it remained con- 
stant for mirror carp until 66 h. After 352 h of 
storage, if the fish fillet of common carp was 
kept at -30°C the K, value reached 47%, while 
it is was stored at -8O’C the K, value remained 
constant. 

6. Conclusions 

A method for the determination of fish fresh 
ness was developed by measuring the K, parame- 
ter with a xanthine oxidase probe based on a 
hydrogen peroxide electrode. Measurement of 
HXR and IMP concentrations were carried out 
by NP, NT or AP addition in solution. The 
resultant procedure was fast and simple and 
moreover the biosensor technology allows the 
miniaturisation of the system for a field instru- 
ment. 
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The Directory of Controlled Release Technologies: 
Products and Organizations, by David Williams, 
Elsevier, Oxford, 1995, Diskette, &190. ISBN l- 
85617-239-2. 

This new diskette from Elsevier contains details 
of the major manufacturers, researchers and their 
products in the controlled release field across the 
world, in an easily accessible, flexible directory 
format. The diskette provides an overview of the 
technology, materials and future developments of 
controlled release products, as well as an alpha- 
betical list of companies and products. 

The overview technology section deals with the 
concepts, terminology and regulatory matters 
used in controlled release technologies together 
with diagrams and schemes to illustrate the types 
of mechanisms involved. The three main methods 
of containment are discussed, namely reservoir, 
matrix (oral and subdermal) and carrier. These 
mechanisms are well illustrated. As controlled 
release technology involves a combination of a 
drug with a type of device, the legal and regula- 
tory position is also discussed. The text also elab- 
orates on the methods of environmentally 
mediated release, such as osmotic pressure, va- 
pour pressure, hydrodynamic pressure, pH activa- 
tion and physically activated systems, namely 
infusion pumps, magnetic control and ion- 
tophoresis. Details are also provided of microcap- 
sule, nanosphere and liposome technology. The 
section of the overview dealing with materials 
discusses polymers under the headings of types, 
biocompatability, biodegradation and permeabil- 
ity. The structures of both biodegradable and 
non-biodegradable polymers are illustrated. The 
overview section concludes with a discussion of 
future developments, and a list of references for 
further reading. 

An A-Z list of companies comprises a further 
section, as well as being listed by geographical 
location and by application area. Selection of a 
letter will give companies beginning with that 
letter. Further selection of a particular company 
will provide various business details such as ad- 
dress, telephone and fax numbers, parent com- 
pany and application areas. Personnel details and 
products are also provided. 

The products section is also listed A-Z. This 
comprises a selected list of products manufactured 
by the companies. The uses, description and com- 
pany are provided. The products are also listed 
according to application area, namely whether 
agricultural, cosmetic, household, pharmaceutical 
or veterinary. 

There is also a search facility whereby a word or 
topic can be traced in the list of products and corn 
panies. This new diskette is certainly a useful means 
of gaining access to details of products and compa- 
nies specialising in controlled release technology. 

D.L. Munday 

Chemometrics: Experimental Design, by E. Mor- 
gan, Wiley, Chichester, 1991, (paperback 1995) 
xviii + 275 pp., El9.50. ISBN o-471-95832-8. 

I reviewed the hardback version of this book 4 
years ago (Talanta, 38 (1991) 1204-1205) and 
recommended it as a clear introduction to chemo- 
metrics, as well as being a very good self-teach 
manual for which it had the market largely to 
itself. The book has obviously stood the test of 
time well, since it now appears in paperback 
unchanged from the hardback version except that 
it is about U.00 cheaper (which is not really a 
great price reduction). 
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It is a book concerned with experimental design 
moving at a leisurely pace, suitable for self-teach- 
ing, through a review of the necessary basic statis- 
tics, full factorial designs, fractional factorials, 
and response surfaces. Throughout there are sum- 
maries, aims and objectives clearly stated, all cou- 
pled with numerous self-assessment questions. 
Often large spaces (up to one page) are left blank 
for the students to write in their answers, but this 
is not always the case, and this is somewhat 
inconsistently used. However, it is an excellent 
book for the self-teaching environment, but would 
also provide a useful text to accompany a first 
course in experimental design. It is a pity that not 
more students learn about such design methods 
either as undergraduates or as postgraduates. 

C.J. Gilmore 

TrAC - Trends in Analytical Chemistry, Refer- 
ence Edition, Vol. 13, edited by Y. Gohshi, J.F.K. 
Huber and A. Townshend, Elsevier, Amsterdam. 
1994, 478 pp. + 171 pp. (Supplement), 
US$400.00. ISBN O-444-821 10-4. 

I have always had the sneaking suspicion that 
publishers never take any notice of my book 
reviews. Two years ago (Talanta, 41 (1994) 166) I 
wrote a review of the 1992 edition of TrAC in 
which my only concern was the steep price hike 
(14%) on the previous year. Imagine my surprise 
when this edition arrived on my desk costing $400 
(a rise of only 3% over two years) and containing 
an extra 76 pages. So thanks are due to Elsevier. 
If this situation remained the norm I would not be 
faced with the miserable task of identifying titles 
we can no longer afford with our inflation linked 
budgets. Other publishers please note! 

Most readers will not be aware of the philoso- 
phy behing the Trends in series. TrAC is a compi- 
lation of the archival material reprinted from the 
10 issues of the journal published in 1994. Every 
year that I get the happy task of reviewing TrAC 
I point out that for little extra cost you can 
subscribe to the journal and obtain the reference 
edition gratis. This year’s edition contains the 
usual mixutre of readable reviews of recent devel- 

opments in instrumentation by established re- 
searchers (between 6 and 10 per issue). These 
include multidimensional GC, multidimension- 
al protein NMR spectroscopy, atmospheric pres- 
sure ionisation mass spectrometry, Shpol’skii 
spectroscopy, scanning tunnelling microscopy, 
and capillary electrophoresis. There are a number 
of excellent articles specifically targeted at the 
analysis of environmental samples: pollution and 
pesticide analysis; stripping electroanalytical tech- 
niques; supercritical fluid extraction and enzyme 
immunoassay of soil pesticides; multivariate sen- 
sor arrays and analysis of complex environmental 
data using chemometric methods. Of general in- 
terest to analytical chemists are articles on Inter- 
net resources and quality assurance. Most issues 
contain a random mixture of the above, but in 
keeping with previous years, two issues are 
devoted to specific areas (June/July concentrating 
on Fourier transform mass spectrometry and Oc- 
tober on water analysis). 

The quality of TrAC is consistently high and is 
a superb resource for all teachers of University 
level analytical chemistry. The emphasis is always 
on relevance and accessibility. For the research 
worker, TrAC is a useful way of staying in touch 
with modern developments in areas outside one’s 
own speciality. The only annoying feature of this 
edition is the supplement (171 pages) that con- 
tains the ‘Directory of Hyphenated Techniques’. I 
have reviewed this separately for Talanta and am 
still of the opinion that it serves no useful pur- 
pose. 

B.A. McGaw 

Quantitative X-ray Spectrometry, Second Edition, 
edited by R. Jenkins, R.W. Gould and D. Ged- 
eke, Dekker, New York, 1995, xi +484 pp., 
US$150.00. ISBN O-8247-9554-7. 

The appearance of the second edition of Quan- 
titative X-ray Spectrometry, as Volume 20 in the 
Practical Spectroscopy Series, is both timely and 
welcome. Timely, in that it is complementary to 
Volume 14 (“Handbook of X-ray Spectrometry”), 
and welcome because it is some 15 years since the 
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al protein NMR spectroscopy, atmospheric pres- 
sure ionisation mass spectrometry, Shpol’skii 
spectroscopy, scanning tunnelling microscopy, 
and capillary electrophoresis. There are a number 
of excellent articles specifically targeted at the 
analysis of environmental samples: pollution and 
pesticide analysis; stripping electroanalytical tech- 
niques; supercritical fluid extraction and enzyme 
immunoassay of soil pesticides; multivariate sen- 
sor arrays and analysis of complex environmental 
data using chemometric methods. Of general in- 
terest to analytical chemists are articles on Inter- 
net resources and quality assurance. Most issues 
contain a random mixture of the above, but in 
keeping with previous years, two issues are 
devoted to specific areas (June/July concentrating 
on Fourier transform mass spectrometry and Oc- 
tober on water analysis). 

The quality of TrAC is consistently high and is 
a superb resource for all teachers of University 
level analytical chemistry. The emphasis is always 
on relevance and accessibility. For the research 
worker, TrAC is a useful way of staying in touch 
with modern developments in areas outside one’s 
own speciality. The only annoying feature of this 
edition is the supplement (171 pages) that con- 
tains the ‘Directory of Hyphenated Techniques’. I 
have reviewed this separately for Talanta and am 
still of the opinion that it serves no useful pur- 
pose. 

B.A. McGaw 

Quantitative X-ray Spectrometry, Second Edition, 
edited by R. Jenkins, R.W. Gould and D. Ged- 
eke, Dekker, New York, 1995, xi +484 pp., 
US$150.00. ISBN O-8247-9554-7. 

The appearance of the second edition of Quan- 
titative X-ray Spectrometry, as Volume 20 in the 
Practical Spectroscopy Series, is both timely and 
welcome. Timely, in that it is complementary to 
Volume 14 (“Handbook of X-ray Spectrometry”), 
and welcome because it is some 15 years since the 
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first edition was published. There are thirteen 
chapters, six appendices and an index, the main 
addition to the first edition being a chapter on 
special applications of the XRF method. 

The scope of the book is quite considerable, 
ranging from description of the interaction of 
X-rays with matter, excitation sources, instrumen- 
tation, statistics, general computer applications, 
specimen preparation, and trace analysis to dis- 
cussion of the main subject material - problems 
in quantitative analysis and methods and models 
for quantitative analysis. The authors quite 
rightly go into considerable detail in the latter two 
topics and here, as in all other chapters, very 
sensibly divide discussion between wavelength dis- 
persive and energy dispersive methods. The book 
is very readable and interesting because every 
theoretical aspect is backed up with experimental 
results, usually displayed in graphical or tabular 
form. Another appealing aspect about the book is 
that it is written from a practical, no-nonsense 
standpoint, and contains a wealth of pructical 
advice. For example, under Specimen Preparation 
the reader is not only provided with specific meth- 

ods of specimen preparation, but is urged to use a 
common sense approach before even laying hands 
on a specimen (e.g. “...have analytical goals 
clearly in mind - precision, accuracy, concentra- 
tion range, cost, speed...“). 

There are a few typographical errors, fortu- 
nately most are obvious, and one diagram is 
labelled incorrectly. A surprising feature in the 
chapter on radiation hazards in spectrometry is 
the authors’ use of outdated terminology when 
referring to units of measurement for ionizing 
radiation, e.g. the rad and the rem as opposed to 
the ICRU- and ICRP-approved units, the gray 
and the sievert. Notwithstanding these remarks, 
Jenkins et al. have produced a work of consider- 
able value to all current practitioners of XRF. In 
the preface to this edition, they state that they 
hope that it will enjoy the same success as the 
first, and take its place in the literature on X-ray 
materials analysis. I have no doubt that this will 
be the case. 

D.F. Rendle 
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Abstract 

A room temperature photochemically-induced fluorescence (RTPF) method is proposed for the quantitative 
analysis of seven widely-used chlorophenoxyacid herbicides. The influence of organic solvent, pH (in aqueous 
solutions), methanol percentage, and UV irradiation time on the excitation and emission wavelengths and fluores- 
cence intensity was investigated. It was found that the largest fluorescence signals were obtained in a mixture of 
methanol and pH 5 buffer (50/50, v/v), while organic solvents and water produced generally lower signals. The tri- 
and bichlorinated phenoxyacid herbicides were photolysed significantly more slowly than the monochlorinated 
derivatives, and the derivatives of 2-propionic acid were photodegraded more quickly than the corresponding 
derivatives of acetic and butyric acid. Selected UV irradiation times were found to be 15 min for all herbicides under 
study. Linear calibration graphs were established over about one to two orders of magnitude in the interval 0.1-10 
pg ml - ‘. The RTPF limits of detection were between 36 ng ml - ’ and 179 ng ml ‘, according to the compound. 
Analytical application of RTPF to river water samples containing chlorophenoxyacid herbicides is discussed. 

Keywords: Photochemically-induced fluorescence; Chlorophenoxyacid herbicides 

1. Introduction 

Monitoring of environmental samples for pesti- 
tide residues has become very important. The 

* Corresponding author. 
’ Presented at the Symposium on Analytical Sciences, held 

in Paris, France, March 1995. 
2 On leave from: Division of Chemical Enzymology, Depart- 

ment of Chemistry, M.V. Lomonosov Moscow State Univer- 
sity, Moscow 000958, Russian Federation. 

detection of their presence in surface water is a 
convenient indicator of contamination. Chloro- 
phenoxyacid herbicides are of particular concern 
because of their potential toxicity towards animals 
and humans [l]. Some of them, such as 2,4- 
dichlorophenoxyacetic acid (2,4-D) and 2-(2- 
methyl-4-chlorophenoxy) propionic acid (MCPP 
or mecoprop), are still widely-used herbicides for 
broadleaf weed conrol, while another, 2,4,5- 
trichlorophenoxyacetic acid (2,4,5-T), has been 
restricted since 1969. 

0039-9140/96/$15.00 04396 295e3vlr Science B.V. All rights reserved 
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Established screening procedures for detection 
of these herbicides include gas chromatography 
[2], used after extraction of samples, or liquid 
chromatography with on-line selective preconcen- 
tration [3]. However, immunoassay methods pro- 
vide simpler, cheaper, and more robust methods 
for the direct analysis of a large number of sam- 
ples. Several radioimmunoassays [4,5] and en- 
zyme-linked immunosorbent assays (ELISA) for 
specific determination of 2,4-D [6] and most phe- 
noxyacid herbicides have been described [7,8]. Re- 
cently, more rapid, but less sensitive, polarization 
fluoroimmunoassays have been proposed for spe- 
cific measurement of 2,4-D and 2,4,5-T [9]. 

The continued application of herbicides and 
growing concern about the potential contamina- 
tion of ground water require regulations, such as 
the European Community drinking water ordi- 
nance, which set a very low upper limit for pesti- 
cide concentrations of 0.1 ng ml - ’ for a single 
substance, and 0.5 ng ml-’ for total pesticides 
[lo]. The higher, and more reasonable, detection 
limits in drinking water proposed as health advi- 
so:y levels for individual pesticides have been 
established by the Office of Water of the US 
Environmental Protection Agency. For example, 
for 2,4-D, this limit is 70 ng ml ~ ‘. However, real 
water samples can occasionally contain up to a 
hundred times higher concentrations. Moreover. 
high 2,4-D concentrations of about 2.5 pg ml ~ ’ 
could be measured in the urine of workers in- 
volved in spraying this herbicide, 3 days after 
exposure [ 111. 

Many pesticides are persistent and should be 
continuously monitored. Traditional analytical 
methods used in pesticide analysis are expensive 
because they require costly laboratory equipment, 
and they are generally time-consuming. The initial 
screening of pesticides should be technically sim- 
ple, inexpensive, and useful for routine analysis of 
a large number of samples. Recently, we devel- 
oped a simple method of detection of some aro- 
matic pesticides based on a photodegradation 
reaction, which may be applicable to the very 
simple and quick preliminary monitoring of water 
samples [12]. The main advantages of the method, 
named room temperature photochemically-in- 
duced fluorescence (RTPF), are its simplicity, ra- 

pidity, and the low cost of the required equipment 

v31. 
The aim of this paper was to investigate the 

photochemically-induced fluorescence properties 
of a series of chlorophenoxyacid herbicides (Fig. 
1) in different solvents, and to develop a rapid 
RTPF screening method for the determination of 
the chlorophenoxyacid herbicide total concentra- 
tion in a bulk solution. 

2. Experimental 

2.1. Reagents 

Chlorophenoxyacid herbicides were obtained 
from Sigma or Merck (analytical grade). The 
solvents (spectroscopic grade) were purchased 
from Merck. The buffer solutions were obtained 
from Janssen Chimica. Deionized water was uti- 
lized for preparing binary mixtures. 

2.2. Apparatus 

Fluorescence measurements were performed on 
a Kontron SFM-25 spectrofluorimeter, using a 
Kontron SFM-25 data control and acquisition 
program. The high voltage level on the instrument 
lamp was 600 V, and the gain factor varied from 
1 to 10. A 200 W HBO Osram high-pressure 
mercury lamp with an Oriel model 8500 power 
supply was utilized for the photodegradation reac- 
tion. The photochemical set-up included a light 
box, consisting of a fan, a mercury lamp and a 
convenient quartz lens, A standard Hellma 1 cm2 
quartz reaction cuvette (sample cell) was placed 
on an optical bench at 45 cm from the mercury 
lamp [13]. 

2.3. Procedure 

Standard stock solutions of chlorophenoxyacid 
herbicides (0.1-0.5 mg ml ~ ‘) were prepared from 
the corresponding compounds by dissolving them 
in ethanol, and were stored at room temperature. 
Serial dilutions were freshly done for the working 
solutions. The photolysis reaction was performed 
by irradiating with UV light a 3 ml volume of 
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Fig. 1. Names and chemical structures of the chlorophenoxyacid herbicides under study 

dilute herbicide solution which was magnetically 
stirred at room temperature. For the analytical 
applications, a 50150 v/v mixture of methanol and 
a pH 5 buffer and a 15 min irradiation time were 
chosen. The curves of the fluorescence intensity 
(IF) vs. the various parameters (time, methanol 
percentage, pH) were plotted at constant excita- 
tion (276 nm) and emission (292 nm) wavelengths 
of the pesticide photoproducts. 

3. Results and discussion 

3.1. Photochemically-induced fluorescence 
properties 

The chlorophenoxyacid herbicides have no na- 
tive fluorescence, but they can be photolysed into 
strongly fluorescent photoproducts. The fluores- 
cence intensity of photodegraded herbicide in- 
creased with negligible change in the shape of the 
emission spectra during UV irradiation (Fig. 2). 
For all chlorophenoxyacid herbicides, the excita- 
tion spectra of photoproducts presented a broad 
maximum centered near 276 nm. The latter value 

was selected as the analytical excitation wave- 
length. The emission spectra varied slightly with 
the compound, its concentration, and the type of 
solvent (Table 1). To develop a screening method, 
we chose an emission wavelength of 292 nm for 
all chlorophenoxyacid herbicides under study. 
The photoproducts have an unknown structure, 
but they probably consist of a mixture of 
photodegradation products, including derivatives 
produced by hydrolysis, dechlorination and poly- 
merization reactions. As is well known, the chlori- 
nated phenols are very quickly (20- 160 s) 
photodegraded [ 141. The main identified products 
are lower chlorinated phenols, polymeric and di- 
hydroxylated products, and phenol, which present 
excitation and emission wavelengths at 270 and 
290-300 nm respectively [14]. 

3.2. Efect of soluen t 

The effect of several solvents on the photochem- 
ically-induced fluorescence properties of 2, 4-D 
was investigated. As can be seen in Table 1, no 
significant shift of the emission wavelengths oc- 
curred upon changing solvent but the fluorescence 
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Fig. 2. Effect of the ultraviolet irradiation on the fluorescence 
emission spectra of 5.0 pg ml - ’ 2.4-D in 2-propanol, at room 
temperature. Irradiation times were 0, 5, IO, and 15 min. 

signal was increased considerably in alcohols com- 
pared to water. Similarly, a strong influence of 
solvents on the fluorescence intensity of photo- 
products was found in the case of other pesticides 
[12,15]. For analytical purposes, methanol was 

Table I 
Photochemically-induced fluorescence properties of 2.4-D (5 
pg ml-‘) in various solvents 

Solvent I.,, (nm) 1°F 

Water 296 1.0 
Methanol 290 3.9 
2-Propanol 293 4.3 
Ethanol 292 3.8 
Dimethylsulfoxide 295 0.8 
Dimethylformamide 291 1.4 
Acetonitrile 297 0.8 
Buffer (pH 4) 296 0.7 
Buffer (pH IO) 294 0.5 

a A,, = maximum emission wavelength. 
b I, = relative fluorescence intensity, normalized relative to the 
fluorescence intensity in water. A 15 min irradiation time was 
used for all solvents. 

L I I , I + 
0 25 50 75 100 

MeOH 1%) 

Fig. 3. Effect of the percentage of methanol on the fluores- 
cence intensity of 2,4-D (5 pg ml- ‘) in a methanol/water 
mixture after 15 min irradiation, 

selected as the solvent giving the largest fluores- 
cence signal, and for economic reasons. 

3.3. Effect of the percentage of methanol 

In order to evaluate the influence of water in 
binary mixtures on the fluorescence intensity of 
the photoreaction, we tested the effect of the 
percentage of methanol on the photochemically- 
induced fluorescence intensity of 2,4-D. As can be 
observed in Fig. 3, the photochemically-induced 
fluorescence signal in a 50/50 v/v methanol-water 
mixture is higher than in pure methanol or water. 

3.4. EfSect of pH 

The influence of pH on the photochemical reac- 
tion of 2,4-D was investigated. The fluorescence 
intensity of the photoproducts changed consider- 
ably with the pH of the reaction medium (Fig. 4). 
A pH value of 5, corresponding to the maximum 
photochemically-induced fluorescence signal, was 
considered as optimum for analytical applications. 
The unbuffered water samples present pH values 
varying between 4 and 7. For all further analytical 
experiments we chose a methanol/pH 5 buffer 
mixture (50/50 v/v) as the ideal solvent for photo- 
degradation of chlorophenoxyacid herbicides. 
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3 5 7 9 
PH 

Fig. 4. Effect of the buffer pH on the fluorescence intensity of 
2,4-D (5 peg ml-‘) in a 50150 v/v methanol/pH 5 buffer 
mixture after 15 min irradiation. 

3.5. Efect of irradiation time 

The I, vs. irradiation time curves exhibited two 
types of shape. For 2,4-D and 2,4,5-T the curves 
were characterized by a continuous increase of the 
fluorescence signal, no well-defined maximum 
value being reached up to a 30 min irradiation 
time (Fig. 5). However, in the case of MCPP and 
MCPA, the fluorescence intensity increased, 
reached a maximum value, and then a small de- 
crease in intensity occurred (Fig. 5). For all com- 
pounds studied, the kinetics of photodegradation 
are rather slow. A very small influence of the 
herbicide initial concentration on the kinetics of 
photodegradation was observed. Generally, for 

300 
z 

w 
0 IO 20 30 

t ( min 1 

Fig. 5. Erect of the ultraviolet irradiation time on the fluores- 
cence intensity of 5 pg ml- ’ 2,4-D (e) and 3 fig ml ’ MCPA 
(0) in a SO/SO v/v methanol/pH 5 buffer mixture. 

low herbicide concentrations the fluorescence in- 
tensity maximum was reached more quickly. 
For this reason, we chose an optimal irradiation 
time of 15 min for the RTPF detection of all 
chlorophenoxyacid herbicides, in order to achieve 
shorter analysis times with a minimum decrease in 
sensitivity. The tri- and bichlorinated phenoxyacid 
herbicides (2,4,5-T and 2,4-D) were photode- 
graded significantly more slowly than the mono- 
chlorinated derivatives (MCPP and MCPA), a 
behaviour which was also found for chlorophe- 
nols [ 141. The derivatives of 2-propionic acid 
(MCPP and 2,4-DP) were more quickly photode- 
graded than the corresponding derivatives of 
acetic acid (MCPA and 2,4-D) and butyric acid 
(MCPB and 2,4-DB). 

3.6. Analytical jigures of merit 

Linear log-log plots of the photochemically-in- 
duced fluorescence intensity of chlorophenoxyacid 
herbicides vs. initial concentration were estab- 
lished in the range O.l- 10 fig ml- ’ with good 
correlation coefficients (Table 2). As indicated by 
the slope values of the calibration plots, the sensi- 
tivity of the method was higher for the monochlo- 
rinated acetic acid derivatives than for the di- and 
trichlorinated derivatives. 

The limits of detection (LODs) varied between 
36 and 179 ng ml - ‘, according to the compound. 
The lowest LOD value (36 ng ml - ‘) was obtained 
for mecoprop. These RTPF LOD values were 
close to those determined by the polarization 
fluoroimmunoassay method [9], for which a spe- 
cific reagent is needed. 

The precision of RTPF measurements was sat- 
isfactory. For example, the relative standard devi- 
ation (RSD) found for a 2,4-D concentration of 1 
,ag ml-’ was 1.3% (n= 5). 

3.7. Application to river water 

Water samples were collected from the Marne 
river, near Paris, at 1 month intervals, and were 
filtered through a Whatman filter paper. A pH 
value of 7.8 was measured for these samples. 5 ml 
portions of filtered river water samples were 
spiked with 0, 30, 60, 90, 120, and 150 ~1 meco- 
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Analytical figures of merit for the RTPF determination of chlorophenoxyacid herbicides” 

Herbicide Concentration 
range (jog ml-‘) 

Regression equationb rc 

2,4-D 0.2-2.5 1.56 0.74 0.997 103 

2,4-DP 0.1-5.0 1.83 0.74 0.991 55 

2,4-DB 0.3 10.0 1.50 0.80 0.992 179 

2,4.5-T 0.s 10.0 1.50 0.65 0.992 119 

MCPA 0.3-5.0 1.85 0.84 0.998 74 

MCPP 0.1-5.0 2.13 0.85 0.999 36 

MCPB 0.1-5.0 1.87 0.79 0.996 59 

A B 

LOD* 
(ng ml-‘) 

* In a 50150 v:v MeOHipH 5 buffer mixture 
’ log Ir = A + B IogC: I, = relative fluorescence intensity; C = analyte concentration (,~g ml - ‘) 
c Y = correlation coefficient. 
d LOD = limit of detection, defined as the concentration of analyte giving a signal-to-noise ratio of 3. 

prop stock solution (166 ,ug ml .- ’ in ethanol), and 
a 5 ml methanol volume was added to each spiked 
solution. The final mecoprop concentrations were 
0, 0.5, 1.0, 1.5, 2.0, and 2.5 pg ml-’ respectively. 
These samples were treated ultrasonically to re- 
move dissolved air, and their fluorescence signal 
was measured after a 5 min irradiation time. 

In order to evaluate the analytical usefulness of 
the RTPF method, recovery experiments of meco- 
prop were performed on the spiked Marne river 
samples, using the direct measurement procedure. 
Analytical results are shown in Table 3. It can be 
seen that satisfactory recoveries of mecoprop were 
obtained, with values ranging from 92 to 116%. In 
most cases, no interference was found in real 
samples, although one of the Marne river water 
samples showed the presence of residual meco- 
prop, or some other interfering compound, at the 
100 ng ml ~ ’ level. Therefore, our results demon- 
strate that RTPF does not suffer significantly 
from interferences due to the river matrix used. 

In some “real” cases, the presence of other 
pesticides or different types of organic matter in 
the samples may interfere in the RTPF determina- 
tion of chlorophenoxyacid herbicides. However, 
we feel that it is possible to improve considerably 
the selectivity of our method by selecting different 
UV irradiation times for other pesticides, or by 
applying to RTPF specific techniques such as 

derivative spectra or partial least-squares (PLS) 
multivariate calibration [ 16,171. Also, on-line liq- 
uid chromatography is adaptable to RTPF detec- 
tion [13], and can be used for separation of the 
various chlorophenoxyacid herbicides, if more se- 
lectivity is required. 

Table 3 
Recov*ery of mecoprop in spiked Marne river samples by 
RTPF” 

Sample’ Mecoprop (jig ml-‘) Recovery (“/;I) 

Added Found 

I 0.00 
0.50 0.47 

1 .oo 1.03 

1.50 1.56 

2.00 1.94 

2.50 2.56 

2 0.00 

0.50 0.58 

1.00 0.92 

1.50 1.42 

2.00 2.06 

2.50 2.51 

94 

103 

104 

97 

102 

116 

92 

95 

103 

101 

* The direct measurement procedure was used. 
h The Marne river samples were collected at I month intervals. 
See text for details of the treatment of samples. 
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4. Conclusion 

We can conclude that RTPF is a simple, pre- 
cise, and rather sensitive method for the determi- 
nation of the chlorophenoxyacid herbicide total 
content of samples. Therefore, RTPF may be used 
for preliminary, rapid screening of waste water or 
environmental samples and for pesticide control. 
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Abstract 

A polystyrenedivinylbenzene-based macroreticular resin was functionalised with bis-(N.N’-salicylidene)l,3-propane- 
diamine ligands and its analytical properties have been investigated. The pH dependence of metal resin chelation has 
been determined for Cu(II), Ni(II), Co(II), Zn(II), Fe(I1). Mn(lI), Pb(II), Cd(I1) and Cr(II1). Trace amounts of these 
metal ions were quantitatively retained on the resin at neutral pH and easily recovered by elution with 1 N 
hydrochloric acid. The resin exhibits good chemical stability and fast equilibration with the metal ion making it useful 
for rapid concentration of trace amounts of metal ions on the resin columns. 

Kc~~cvrd~: Chelating resin; Bis-(N,N’-salicylidene)l,3-propanediamine 

1. Introduction 

Chelating resins have found widespread appli- 
cations in the enrichment of metals from a variety 
of matrices. A large number of chelating resins 
incorporating a variety of ligands (e.g. ethylenedi- 
amine tetraacetic acid [ 1.21, iminodiacetic acid 
[3,4]) have been prepared and their analytical 
properties investigated. Fritz and co-workers syn- 
thesised and applied resins containing sulphonic 
acid, amide and hexylthioglycolate groups [5%7]. 
Sughi et al. reported polystyrene resin containing 
phenylalanine groups [8]. In our earlier communi- 

* Corresponding author. Fax: (91) I I-686-2037 

cations we have reported resins containing N,N- 
bis(2-hydroxyethyl)glycine and N-hydroxyethyl- 
ethylene-diamine groups [9, lo]. 

Polymeric Schiff s bases constitute an important 
class of chelating resins. A number of such resins 
have been propared and studied for their ion-se- 
lective properties. Bayer [11,12] was first to intro- 
duce such polymeric ligands and reported relative 
stabilities of complexes formed with different 
metal ions. Bottino et al. [ 131 reported preferential 
complexation of nickel(I1) over other metal ions 
with a polymeric Schiffs base chelating resin. A 
renewed interest developed for such chelating 
polymers with N,O-donor atoms, as they have 
been found to possess very good selectivity for 

O039-9140/961S15.00 G 1996 Elsevier Science B.V. All rights reserved 
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transition metals and show negligible afinity for 
alkali and alkaline earth metals. Most of these 
chelating resins have been propared by polycon- 
densation reactions. Though they possess high 
selectivity and capacity, their mechanical and 
chemical stability is not good [14]. 

In the present investigation we have prepared a 
Schiff s base of salicylaldehyde and 1 ,i-propane- 
diamine (Bis-( N,N’-salicylidene) 1,3-propanedi- 
amine) and incorporated it on a macroreticular 
polystyrene divinyl benzene-based resin (XAD4). 
Polystyrene divinyl benzene support is expected to 
give additional stability while retaining the analyt- 
ical properties of the Schiffs base ligand. The 
resin has been characterised, and the sorption 
behaviour of different metal ions on the resin has 
been studied. 

2. Experimental 

2.1. Instrunzrntution 

An ECIL India 4139 flame atomic absorption 
spectrometer was used for monitoring the concen- 
tration of the metals. An Elico (India) digital pH 
meter LI-120 was used for pH measurements. 
Infrared spectra were recorded on a Nicolet DX 
FTIR spectrophotometer with KBr pellets. A 
Perkin 240C elemental analyser was used for ele- 
mental analysis. A mechanical shaker (Scientific 
Instruments, India) with an incubator, which had 
a speed of 200 strokes min ~ ‘, was used for batch 
equilibration. 

2.2. Rragen ts 

The stock metal ion solutions were prepared by 
dissolving the reagent grade nitrate and chloride 
salts of the metal in water or the matrix acid and 
they were standardised by appropriate methods. 
XAD-4 was obtained from Fluka. Salicylaldehyde 
and 1,3-propanediamine were obtained from E. 
Merck and were used after distillation. The fol- 
lowing buffer solutions were used to control the 
pH of the metal ion solution: hydrochloric acid- 
glycine (pH I-3); acetic acid-sodium acetate (pH 
3 - 5); disodium hydrogen phosphate-potassium 

dihydrogen phosphate (pH 5-8); and sodium bo- 
rate-hydrechloric acid (pH S-9). 

2.3. Prrpurution 0J 
his-(N,N’-sctlic:1,li~~n~)l.3-propun~~i~~~in~ (Salpen) 

ll51 

1,3-Propanediamine (1.7 ml) in 50 ml of freshly 
distilled ethanol was taken in a round-bottomed 
flask and salicylaldehyde (3.81 ml) in 30 ml of 
freshly distilled ethanol was added dropwise with 
vigorous stirring. The mixture was cooled in an 
ice bath and the product was filtered and recrys- 
tallised from chloroform. On analysis of Salpen, 
the following elemental compositions (%) were 
found: C, 72.22; H, 6.24; N, 9.79. The calculated 
values are C, 72.34; H, 6.38; N. 9.92. 

2.4. Pwpuration of XADd~Sulpen resin 

XAD-4 was functionalised via esterification. 
XAD-4 beads (log) were refluxed with acetic an- 
hydride (20 ml) and anhydrous aluminium trichlo- 
ride (1 g) in petroleum ether (60-80°C) at 70°C 
for 30 h. The product was filtered off and washed 
with 50 ml hexane. The intermediate product (II, 
Scheme 1) was then stirred in 500 ml water con- 
taining 8.5 g potassium permanganate and 10 g 
sodium hydroxide at 40°C for 1 h. The product 
was filtered off, washed with water and then 
treated with hydrochloric acid (1:l). It was then 
refluxed with 50 ml thionyl chloride at 60°C for 
30 min. The intermediate resin(IV) was refluxed 
with Salpen (2.5 g) and sodium ethoxide (11.3 
mM) in DMF at 90°C for 8 h. A light yellow resin 

Scheme 1. Synthesis of the resin 
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was obtained. A total of 20 g resin was perpared 
and 200-250 mesh fraction of the resin was used 
for metal sorption studies. 

2.5. pH dependence of metul ion uptake 

The optimum pH of metal ion uptake was 
determined by batch equilibration technique. Ex- 
cess metal ion (50 ml, 50 pug ml ~ ‘) was shaken 
with 100 mg of resin for two hours. The pH of the 
metal ion solution was adjusted prior to equilibra- 
tion over a pH range of 2-9 with buffer solutions. 
For determining the effect of pH on the trace 
metal ion uptake, a buffered solution (50 ml) 
containing 5pg ml ~ ’ of metal ion was equili- 
brated with 100 mg of resin. The concentration of 
the adsorbed metal ion was determined after elut- 
ing with 1 N hydrochloric acid by atomic absorp- 
tion spectrometry (AAS). Sorption experiments 
were carried out in duplicate each time. 

2.6. Resin cupucity 

The capacity of the resin was determined by 
shaking the excess metal ion (50 ml, 100 pg ml ~ ‘) 
with 100 mg resin (50 mg for cadmium and lead) 
for 6 h at the optimum adsorption pH. The resin 
was filtered off. and the concentration of the 
remaining metal ion in the solution was deter- 
mined by AAS. The capacity was also checked 
after soaking the resin in 1 N HCl,:l N alkali for 
one day. 

2.7. Equilibrution time 

To determine the time of equilibrium for the 
metal under investigation, the metal ion solution 
(50 ml, 10 pg ml- ‘), at a constant pH. was 
sampled in six bottles. The first bottle was re- 
moved from the shaker after 5 min and the re- 
maining bottles at intervals of 15 min. The last 
bottle was removed after 2 h. The concentration 
of the metal ion was determined by AAS. The 
time of equilibration for all the metal ions was 
determined in a similar manner. The duplicate 
values agreed with a precision of + 2%. 

2.8. Efict of diarrse ions 

Standard solutions of 50 ml of Cu, Ni, Co, Zn 
and Pb ( l-5 pg ml ’ each) containing sodium 
chloride, Mg and Ca ions as interferents were 
analysed. 

2.9. Enrichment of metul ions 

Both batch as well as column methods were 
used to concentrate the trace metal ions. For 
batch equilibration, the sample solution (250-500 
ml) containing (0.1 ,~g ml ~ ‘) metal ion was ad- 
justed at optimum pH of adsorption with buffer 
solution and then shaken with 100 mg of resin for 
about 15 min. Sorbed metal ions were eluted with 
1 N hydrochloric acid (10 ml) and the concentra- 
tion of the metal ion in the eluent was determined 
with AAS. 

For the column method, the dry resin (0.5 g) 
was packed into a glass column (0.5 x 6 cm) and 
conditioned with the buffer solution. The metal 
ion solution (0.05 to 0. I /lg ml- ‘) was passed 
through the column at a flow rate of 2.0 ml 
min’. The adsorbed metal ion was desorbed 
from the resin with 1 N hydrochloric acid (5 ml). 

3. Results and discussion 

The resin was synthesised according to Scheme 
1. Spherical macroreticular styrenedivinyl benzene 
beads were used as starting material. 

The coordination of the Salpen ligand to the 
polymer by the displacement of the -Cl is indi- 
cated by the absence of the uc mc, band at 670 
cm ~ ’ in the spectrum of the final resin V (Scheme 
1, Fig. 1). Another feature in the spectrum of 
resin 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 - ’ [16]. This 
band appears in the spectrum of intermediate 
resin IV and disappears in final resin V. The 
presence of the all major absorption bands corre- 
sponding to the Salpen ligand in the final resin V 
with reduced intensities, confirms the incorpora- 
tion of the ligand. 
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Fig. 1. Infrared spectra of resins (KBr disks): (Ill) carboxylated resin: (IV) acid chloride resin; (V) Salpen resin 

Salpen acts as a tetradentate ligand, coordinat- 
ing with the metal ion through hydroxyl group 
oxygens and tertiary nitrogens [ 171. However in 
polymer-bound Salpen, one of the hydroxyl group 
oxygens is used for binding to the polymer, leav- 
ing one free hydroxyl group and two tertiary 
nitrogens as binding sites for the metal ions. 

Nitrogen analysis of the resin gave 1.72% nitro- 
gen. Assuming that all the nitrogen is part of the 
intact Salpen groups, the capacity for the metal 
ion should be 0.61 mmol g ’ of resin. The values 
actually obtained are reported in Table 1. The 
lower values could be due to the rigidity of the 
polymeric matrix and the inability of all the 
Salpen groups to participate in chelation, due to 
steric restriction. 

The resin was found to be fairly stable on 
successive treatment with dilute acid and alkaline 
solutions. The stability was checked by the change 

of the hydrogen metal exchange capacity and the 
nitrogen content. 

In a preliminary experiment, the sorption be- 
haviour of some metal ions on XAD,-Salpen 
resin at different pH values has been examined by 

Table I 
Metal uptake capacities 

Metal Optimum 

PH 

Capacity ( f SD) 
(mm01 g-’ resin) 

Cu(Il) 8.52 0.46(0.01) 
Ni(Il) 8.10 0.42(0.01) 
Co(l1) 8.03 0.43(0.01) 

Zn(II) 8.05 0.38(0.02) 

Cd(I1) 6.59 0.40(0.02) 

Pb(lI) 6.04 0.39(0.01) 

Fe(II) 5.05 0.24(0.02) 

Mn(l1) 8.01 0.36(0.02) 

SD, Standard deviation 
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Fig. 2. Erect of pH on metal sorption with Salpen ran. 

455 

the batch method and the results are shown in 
Fig. 2. In most of the cases the sorption increases 
with increasing pH, reaching a limiting value in 

each instance, followed by a decrease in sorption, 
beyond the limiting value. Sorption of copper and 
cadmium reaches the limiting value at around 
neutral pH while for manganese, zinc, cobalt and 
nickel the maximum sorption is beyond pH 7.5. 
The XAD,-Salpen resin shows relatively low 
affinity towards iron(U) and it does not interact 
with Cr(II1) at any pH. 

The capacity of the resin is an important factor 
to determine and is the quantity of resin required 
to remove quantitatively a specific metal ion from 
the solution. The capacity of each metal ion is 
reported in Table 1. 

The sorption behaviour of the trace amount of 
metal ion on the resin is shown in Fig. 3. The 
sorption is quantitative for the trace metal ions in 
the region of pH 6.5-9 for Cu(I1); 7.559 for 
Ni(I1); 7-8.5 for Co(I1); 7-9 for Zn; 7-9 for 
Mn(I1): 5.5-6.5 and 8-9 for Pb(I1); and 6-9 for 
Cd(I1). Sorption of Fe(I1) is 92% in the pH range 

556. The time of equilibration was determined for 
all the metal ions at the optimum pH of sorption 
and the results are plotted in Fig. 4. 

The kinetics of the resin-metal interaction is 
sufficiently rapid for most of the metal ions. Sorp- 
tion reaches a 80-90% extraction level within 5-7 
min of the interaction of the metal ions with the 
resin. This allows the resin to be used in a packed 
column as it requires fast equilibration because of 
the short contact time between the resin and the 
solution. 

Manifold amounts of NaCl, Ca and Mg do not 
effect the recovery of the metal ions from the 
solution. The results in Table 2 show the recovery 
rates in the presence of excess of these foreign 
ions. This makes the resin useful for trace concen- 
tration of metal ions from natural samples which 
contain large concentrations of alkali and alkaline 
earth metals 

The resin shows good stability towards dilute 
acids and bases and its metal uptake capacity 
was not affected after regenerating it several 
times. 



PH Pf- 

Fig. 3. pH dependence of the uptake of trace metals: (a) 

Cd(II); (b) Zn(l1): (c) Pb(ll): (d) Co(I1): (e) Ni(l1); (f) Mn(Il); 

(g) Cu(I1): (h) Fe(I1). 

Preconcentration of all metal ions on the resin- 
was carried out by batch and column methods. 
and the results are shown in Tables 3 and 4. 
Metal ions could be enriched up to 40-50 times 
with XAD,-Salpen resin. The column method was 
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Fig. 4. Rate of uptake of metal ions 

found to be better for enrichment of the metal 
ions as the sorption is more complete and subse- 
quent elution is easier. But the column method is 
more time consuming than the batch method for 
XAD,-Salpen resin. 

Table 2 

Erect of diverse ions 

Interfering Recovery (“/i,) 

ions’ 

Cu(I1) Ni(I1) Co(I1) Zn(I1) Pb(I1) 

Ca 99.3 99.4 100.2 98.9 100.9 

Mg Y9.7 99.2 YY.8 98.7 99.1 

Li Concentration = 50 jtg ml ‘. 

Table 3 

Preconcentration of metal ,onb (amount of metal ion taken, 

0.1 ;tm ml-‘) by the batch method 

Metal ion Sample volume Metal found” 

(ml) (PE ml-‘) 

Cu( II) 250 7.43 

Cu(I1) 500 4.88 

Ni(I1) 250 2.47 

Ni(I1) 500 4.99 

Co(ll) 250 2.44 

CO(I1) 500 5.02 

Zn(I1) 250 2.52 

Zn(Il) 500 5.01 

Pb(I1) 250 2.49 

Pb(I1) 500 4.92 

,’ Values agree with a precision of i 1%. 

Table 4 

Preconcentration of metal ions by the column method 

Metal ion 

Cu(Il) 

CU(I1) 

Ni(I1) 

Co(I1) 

Zn(I1) 

Pb(I1) 

Amount 01 Sample 

metal ion volume 

(/is ml 9 (ml) 

0.05 250 

0.10 250 

0.05 250 

0.05 250 

0.05 250 

0.05 250 

Metal found” 

kg ml-‘) 

2.45 

4.98 

2.48 

2.42 

2.41 

2.51 

“Values agree with a precision of & I’%,. 
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4. Conclusions 

XAD,-Salpen resin has been found useful for 
the concentration of trace metals from aqueous 
solutions. Fast equilibration of the metal on the 
resin makes it applicable for the conventional 
column method also. The capacity of the resin is 
also high enough for use in the simultaneous 
concentration and determination of several 
metals. Low affinity of the resin towards alkali 
and alkaline earth metals indicates its use for 
natural samples. 
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Abstract 

A continuous monitoring system for vinyl chloride gas in air has been developed using an HCl monitoring tape and 
pyrolyzer consisting of a heater around a quartz tube. It is based on the color change of the tape by reaction with 
HCl gas produced by decomposition of vinyl chloride gas in the heated quartz tube. The conversion efficiency of vinyl 
chloride into HCl depends on the temperature of the pyrolyzer. The tape impregnated with a coloring solution that 
includes Metanil Yellow (pH indicator; pH 1.2-2.3, red-yellow), glycerin and methanol is a highly sensitive means 
of detecting HCl gas. When vinyl chloride gas was passed through the heated quartz tube (910°C) and the HCl gas 
produced was passed through the tape, the color of the tape changed from yellow to red. The degree of color change 
was proportional to the concentration of vinyl chloride gas with a constant sampling time and flow rate. The degree 
of color change could be recorded by measuring the intensity of reflecting light (555 nm). This method is scarcely 
affected by other gases with the exception of chlorinated hydrocarbons such as trichloroethylene and chloroform or 
strong acids such as WC1 gas. Reproducibility tests showed that the relative standard deviation of the relative intensity 
(n = 10) was 4.5 for 5 ppm vinyl chloride. The detection limit was 0.4 ppm for vinyl chloride with a sampling time 
of 40 s and a Aow rate of 300 ml min - ‘. 

Keywords: Vinyl chloride; HCl monitoring tape; Pyrolyzer 

1. Introduction 

Exposure to vinyl chloride gas in the workplace 
often occurs because of leakage or discharge dur- 
ing its storage, transportation or production. 
Vinyl Chloride (1000 ppm) is a colorless gas, with 

a distinctive chloroform-like smell and causes nar- 
cotic symptoms. Its threshold limit value (TLV) 
has been defined as 5 ppm by the American 
Conference of Governmental Industrial Hygien- 
ists [l]. 

The monitoring of vinyl chloride gas efficiently 
and reliably at levels below 5 ppm is needed. To 

* Corresponding author. 
achieve widespread routine use, the method 
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should be simple, capable of unattended opera- 
tion and inexpensive. However, while various 
methods have been developed [2-41 for the deter- 
mination of vinyl chloride gas in air, few. if any, 
exhibit all these desirable characteristics. Al- 
though several methods have been used for the 
detection of vinyl chloride gas, including gas chro- 
matography, absorptiometry and use of a gas 
detection tube, they are batchwise procedures and 
unsuitable for a continuous method. The chlori- 
nated hydrocarbon can be determined by measur- 
ing HCl gas produced by its decomposition 
through a pyrolyzer [5,6]. We have already devel- 
oped a continuous monitoring system for l,l- 
dichloro-2,2,2-trifluoroethane in air by using a 
pyrolyzer consisting of a heater around a quartz 
tube and an electrochemical HCl sensor [7]. At 
first, we investigated this system for vinyl chloride 
gas. but it could not detect low concentrations (5 
ppm). Furthermore, the lifetime of the electro- 
chemical HCl sensor is short owing to the degra- 
dation of the catalyst and contamination of the 
electrolyte solution. 

In this experiment, we tried to produce a new 
monitoring system using a pyrolyzer and the sen- 
sitive tape for HCl gas that had already been 
developed. instead of an electrochemical HCl gas 
sensor. Because the tape monitor [8810] is highly 
sensitive and selective, easy to maintain and of 
low running cost it was thought to be suitable for 
our purpose. The sampling spot of the tape is 
renewed for every measurement. Thus the base 
level and sensitivity are constant for all measure- 
ments. 

As no suitable reagents react with vinyl chloride 
gas to produce a color stain, we have developed a 
continuous monitoring system for vinyl chloride 
gas in air using a pyrolyzer consisting of a heater 
wound around a quartz tube and an HCl moni- 
toring tape [9]. It is based on the color change of 
the tape by reaction with HCl gas produced by 
decomposition of vinyl chloride gas in passing 
through the heated quartz tube. We had investi- 
gated the tape using pH indicator (Metanil Yel- 
low), with a color change from yellow to red for 
HCl, because of the high response. This method 
has the desirable attributes of high sensitivity, 
wide range of concentration, simplicity, portabil- 

ity. and ease of adaptation to automatic, 
unattended operation. In this paper, we describe a 
study of the development of a continuous moni- 
toring system for vinyl chloride gas in the range 
0.4410 ppm. The conversion efficiency of vinyl 
chloride gas to HCl gas at various heater temper- 
atures, gas flow rates and sampling times and the 
reproducibility of response were investigated to 
evaluate the characteristics of the system for the 
determination of vinyl chloride gas. 

2. Experimental 

2.1. Gas samples 

The standard vinyl chloride gas mixtures were 
prepared by controlling the flow rates of streams 
of primary standard 21 ppm vinyl chloride (N2 
balance; Nippon Sanso) and air from a cylinder 
(99.9%; Taiyo Sanso). Various standard chlori- 
nated hydrocarbon gas mixtures were generated 
continuously by purging the diffusion tube con- 
taining various chlorinated hydocarbons (analyti- 
cal reagent grade; Tokyo Kasei Kogyo) with a 
constant flow of purified air. The gas concentra- 
tion was calculated from the flow rate and the 
mass loss of the chlorinated hydocarbons. The 
diffusion tube in a gas generating system (PD-1B; 
Gastec) was kept at 30 + O.l”C in a thermostati- 
cally controlled water bath. 

2.2. Pyrolyxr 

The pyrolyzer consists of a quartz tube (4 mm 
id, 6 mm o.d. and 180 mm length), in which a 
cylindrical mass (4 mm diameter and 5 mm 
length) of gold wire (50 pm diameter and 10 m 
length) is packed at the center. Heater wire of 900 
mm length ( z 13R) is wound around the quartz 
tube of 34 mm length. The distance between the 
windings is 0.5 mm. 

When the applied voltage is 13.0 V the temper- 
ature in the quartz tube, which is measured by a 
PttRh thermometer, is 910°C. The construction 
of the pyrolyzer is shown in Fig. 1. 
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Fig. I. Cross-sectlon of pyrolyzer. 

2.3. Monitoring tqe 

The processing solution used had the same 
composition as that used previously [9]. The mon- 
itoring tape for HCI gas was prepared as follows: 
the porous cellulose tape (Whatman 1Chr papers, 
20 mm wide, 0.18 mm thick, 25 m long) was 
immersed in the processing solution for 1 min, 
oven-dried at 40°C and stored in a desiccator. 

Samples were introduced to the pyrolyzer and 
then to the monitoring tape for HCI gas with an 
air-pump as shown in Fig. 2. The tape monitor 
was connected to the pyrolyzer with Teflon tubing 
(4 mm i.d and 6 mm o.d.). 

The end (approximately 2 cm in diameter) of 
the tube from the pump was attached tightly to 
the tape. The sample gas was sucked at a constant 
flow rate (300 ml min ‘) for a constant sampling 
time (40 s). The Metanil Yellow on the tape 
reacted with HCI produced by decomposition of 
vinyl chloride gas passing through the pyrolyzer 
to give a change in its homogeneous color. The 

DC suppk 
I I 

Fig. 2. Schematic diagram of monitoring system. 

Table I 

Elect of weight of Au wire on response (Concentration of 

vinyl chloride. 5 ppm; sampling time, 40 s) 

Weight (g) Response 

0.3 0.01 I 

0.3 0.076 
0.4 0.108 
0.5 0.105 

degree of color change was recorded by measuring 
the relative reflectance at 555 nm. The tape ex- 
posed was renewed by moving it 10 mm every 40 
s. The response is defined by A = - log I’,,/ V,,, 
where V,) and V, are the outputs of a blank 
(atmospheric air) and the sample respectively. A 
period of 30 min was required to measure the 
responses after the tape was set in the apparatus. 
All measurements were carried out at 25 + 2°C. 

3. Results and discussion 

To imporve the sensitivity for vinyl chloride 
gas, the effect of a cylindrical mass of gold wire 
packed at the center of the quartz tube was exam- 
ined (Table 1). The response increased with in- 
crease in weight of the cylindrical mass ( z 4 mm 
diameter and 5 mm length) of gold wire and 
became nearly constant in the region 0.4-0.5 g. 
The optimum weight of the mass was found to be 
0.4 g. 

It was found that the system responded to vinyl 
chloride gas when the temperature of the py- 
rolyzer was greater than 600°C. Table 2 shows the 
ef-fect of the temperature of the pyrolyzer on the 
response and conversion efficiency of vinyl chlo- 
ride gas to HCl gas. The conversion efficiency is 
defined by (response of 5 ppm of vinyl chloride)/ 
(response of 5 ppm HCl) x 100. As the tempera- 
ture of the pyrolyzer increased, the concentration 
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Table 2 
Effect of temperature of pyrolyzer on response and conversion 
eficiency (Concentration of vinyl chloride. 5 ppm; sampling 
time, 40 s) 

Temperature (“C) Response Conversion 
efkiency (‘:L) 

670 0.05 I 3.7 
720 0.073 5.2 
770 0.086 6. I 
820 0.099 6.8 
870 0.106 7.2 
910 0.1 I3 7.7 
970 0.1 I6 7.9 

of HCI (the detectable product) increased, but the 
response for vinyl chloride gas increased and be- 
came nearly constant above 910°C. Thus 910°C 
was chosen as the optimum temperature of the 
pyrolyzer. 

Table 3 shows the effect of sample gas flow rate 
on the response. The response did not change very 
much in the region 200-400 ml min ‘. Thus 300 
ml min ’ was chosen as the optimum sample gas 
flow rate. 

Typical calibration graphs for vinyl chloride gas 
using the optimum experimental conditions are 
shown in Fig. 3. The detection limit (signal-to- 
noise ratio = 3) was 0.4 ppm for vinyl chloride gas 
with a sampling time of 40 s. Reproducibility tests 
(n = 10) showed that the relative standard devia- 
tion was 4.5% for 5 ppm vinyl chloride. 

Table 3 
Effect of sample gas flow rate on response (Concentration of 
vinyl chloride. 5 ppm; sampling time, 40 s) 

Gas flow rate (ml min ‘) 

100 
200 
300 
350 
400 

Response 
____~ 

0.057 
0.106 
0.113 
0.106 
0.088 

o’25 / 
0.2 

: 0.15 

B aJ 

u 0.1 
0.05 

~ 
i 3 

” 3 

c 0 
0 2 4 6 8 

Concentratiqppm 
IO IA2 

Fig. 3. Calibration graphs for vinyl chloride gas. Sampling 
time: (a) 60 s; (b) 40 s; (c) 20 s. 

The responses of the monitoring system to vari- 
ous gases are given in Table 4. The responses for 
acetone. toluene, nitrogen dioxide, sulfur dioxide, 
carbon dioxide, hydrogen, acetic acid, hydrogen 
sulfide and hydrogen fluoride were less than 0.005. 
Hydrogen chloride and chlorinated hydrocarbons 
such as trichloroethylene and chloroform gave a 
high response. Consequently, this monitoring sys- 
tem for vinyl chloride gas in air is applicable to 
the working air in the manufacture of vinyl chlo- 
ride polymer. 

Table 4 
Response for various gases 

Gas examined 

Acetone jo,;, < 0.005 
Toluene 1’141 < 0.005 
Nitrogen dioxide I05 ppm <0.005 
Sulfur dioxide 15.2 <0.005 
Carbon dioxide 4.9% <0.005 
Hydrogen 5% < 0.005 
Acetic acid 24 ppm < 0.005 
Hydrogen sulfide 32 ppm < 0.005 
Hydrogen fluoride 6.0 ppm < 0.005 
Hydrogen chloride 1 mm 0.081 
Trichloroethylene 3 mm 0.092 
Chloroform 1 mm 0.080 
Vinyl chloride 5 mm 0.113 

Concentration of 
gas (WV) 

Response 
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Table 5 
Long-term stability of the tape and pyrolyzer (Concentration 
of vinyl chloride. 5 ppm; sampling time. 40 s) 

Day Response 

0 0.113 
5 0.108 

10 0.102 
15 0.097 

3.6. Long-term stability 

The stability for long-term operation is a very 
important characteristic for monitoring systems. 
The responses for 5 ppm vinyl chloride were 
recorded every few days (Table 5). The result 
demonstrates that this monitoring system gives a 
reliable quantitative response to vinyl chloride 
even after two weeks under normal conditions. It 
is considered that the response factor decrease 
depends on the deterioration of the pH indicator 
and/or the change in concentration of reagents on 
the tape. 

In conclusion, the continuous monitoring sys- 
tem using an HCl monitoring tape and a py- 
rolyzer consisting of a heater around a quartz 

tube is very suitable for the determination of vinyl 
chloride gas concentrations in the range O.l- 15 
ppm. The method is simple, specific, capable of 
unattended operation and recommended for both 
laboratory and field operation. 
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Abstract 

Ruthenium and osmium (up to 20 pg Ru(Os) ml- ‘) can be determined in chloride solutions directly after 
absorption of RuO, and 0~0, in hydrochloric acid. In 9 M HCl, RuO, and 0~0, are quantitatively converted into 
RuClZ, ~ (r.,,, = 480.0 nm. E = 4.8 x IO3 1 molt ’ cm- ‘) and OsCli- (i.,,, = 334.8 nm. c = 8.4 x 10’ 1 mol- ’ cm- ‘) 
respectively. Osmium does not interfere with the determination of ruthenium in the form of the RuCli- complex by 
direct spectrophotometry. The absorbance of the obtained solution at i,,,, = 480.0 nm corresponds only to the 
concentration of ruthenium. A derivative spectrophotometric method using numerical calculation of absorption 
spectra of the RuCIi- and OsCli complexes has been developed for the determination of osmium in a mixture with 
ruthenium. The interfering effect of ruthenium on the determination of osmium can be eliminated by measuring the 
value of a third-order derivative spectrum of the OsCli- complex at 350.0 nm (“zero-crossing point” of ruthenium). 
Simple and rapid determination of ruthenium and osmium in a calibration standard solution of the noble metals (Ru, 
Rh, Pd, OS. Ir. Pt and Au) for plasma spectroscopy using the proposed methods has been achieved. 

Kepwrds: Noble metal analysis; Ruthenium; Osmium: Derivative spectrophotometry 

1. Introduction 

Interest in the development of analytical tech- 
niques for determination of the noble metals is 
still growing as a result of rapid growth of their 
applications, e.g. in chemical engineering, mi- 

* Corresponding author. 

croelectronics and medicine. Because of the great 
chemical similarity of the noble metals, small 
concentrations of the metals which are encoun- 
tered in many types of samples and heterogeneity 
of the examined materials, chemical pretreatment 
of the samples and separation of the metals prior 
to their determination is necessary. 

Selective isolation of ruthenium and osmium by 
distillation in the form of volatile RuO, and 0~0, 

0039-9140/96/$15.00 10 1996 Elsevier Science B.V. All rights reserved 
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is generally a preliminary step for analysis of 
multicomponent samples of the noble metals [1,2]. 
Ruthenium and osmium are converted into 
Ru(VII1) and Os(VII1) respectively in the presence 
of strong oxidizing agents (e.g. HCIO, + H,SO,, 
KMnO,) and escape from the samples as RuO, 
and 0~0,. Simultaneous determination of ruthe- 
nium and osmium directly in solutions obtained 
after absorption of both the tetroxides is still a 
challenge for analytical chemists. The very close 
chemical similarity of the complexes formed by 
ruthenium and osmium in various media [3,4] 
mostly necessitates separation of the elements 
from each other prior to their determination. Os- 
mium can be selectively oxidized to 0~0, and 
quantitatively separated from ruthenium in the 
presence of weak oxidation agents, e.g. dilute 
HNO, or H,Oz [1,2,4]. 

Simultaneous determination of ruthenium and 
osmium in chloride solutions obtained by absorp- 
tion of RuO, and 0~0, in hydrochloric acid is the 
aim of this work. Hydrochloric acid is the most 
frequently used absorption medium for volatile 
RuO, because the latter is easily reduced to lower 
oxidation states in this medium [4,5]. The RuC12 

complex (A,,, = 485 nm, E = 4.8 x 10’ 1 molt ’ 
irn ~ ‘), the most stable reduction product of 
RuO, in 6-10 M HCl at room temperature, was 
obtained earlier [5]. Reduction of 0~0, in hy- 
drochloric acid requires more drastic conditions. 
For quantitative conversion of 0~0, into the sta- 
ble OsCli ~ complex it was necessary to use 8 - 10 
M HCl and 20 min heating at 100°C [6]. 

metry [7-121 makes it possible to resolve the 
absorption band of a particular compound by 
analogue differentiation and mathematical pro- 
cessing of overlapping UV and visible absorption 
spectra. Very closely positioned absorption max- 
ima that cannot be separated by conventional 
spectrophotometry appear as separated bands in 
the derivative spectra. These spectra can be 
recorded with the aid of new generation commer- 
cial spectrophotometers capable of operating in 
the derivative mode or by numerical calculation 
of zero-order absorption spectra. The absorbance 
value, the shape of the zero-order spectrum and 
the method of computing affect the quality of the 
obtained signals. Suitable selection of the wave- 
length range and the derivative order allow one to 
eliminate interfering signals. Second-order deriva- 
tive spectrophotometry was used earlier [13] for 
determination of ruthenium (in the presence of 
osmium) and osmium (in the presence of ruthe- 
nium) after conversion of their chloride complexes 
into complexes with tin(I1) chloride. 

In this work rapid methods of simultaneous 
determination of ruthenium and osmium in chlo- 
ride solutions, based on direct and third-order 
derivative spectrophotometry using numerical cal- 
culation of spectra of the RuCl; - and OsCli ~ 
complexes, have been developed. 

2. Experimental 

In this work detailed studies on simultaneous 
reduction of Ru(VII1) and Os(VII1) to Ru(IV) 
and Os(IV) in hydrochloric acid and their quanti- 
tative conversion into the RuCli - and OsCli 
complexes have been carried out. The experiments 
have shown that osmium does not interfere with 
the determination of ruthenium in solutions ob- 
tained by absorption of RuO, and 0~0, in hy- 
drochloric acid using direct spectrophotometry, 
while ruthenium seriously interferes with the de- 
termination of osmium. 

2.1. Apparatus and reagents 

The absorption spectra were recorded with a 
Hitachi U-3300 spectrophotometer (Japan) with 1 
cm cells. Derivative spectra were obtained by 
numerical calculation with the aid of the 
GRAMS/386 program of Galactic Industries Cor- 
poration using the Savitzky-Golay algorithm. 

Ruthenium standard solution (1 mg Ru ml ~ ‘) 
was prepared according to an earlier procedure 

[51. 
Attempts to eliminate the band-overlap inter- Osmium standard solution (1 mg OS ml - ‘) was 

ference of ruthenium on the determination of prepared by dissolving 0.2529 g of potassium 
osmium using derivative spectrophotometry are hexachloroosmate (IV) (K20sC1,) in 100 ml of 4 
described in the paper. Derivative spectrophoto- M HCl. 
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2.2. Procedures 

2.2.1. Distillation of ruthenium and osmium 
Place the test solution containing ruthenium and 

osmium in a distillation flask. Add 2 ml of concen- 
trated HClO, and 6 ml of concentrated H,SO,. 
Attach the flask to a distillation apparatus equipped 
with two receivers in series. Place 10 ml and 5 ml 
of 9 M HCl in the first and second receivers 
respectively. Pass nitrogen continuously (2-3 bub- 
bles per second) through the distillation apparatus 
and heat the solution in the flask until intense fumes 
of perchloric acid appear. Stop heating the solution 
and continue to pass nitrogen until the distillation 
apparatus has cooled to room temperature. Trans- 
fer the contents of the receivers into a 25 ml vol- 
umetric flask and dilute to the mark with 9 M HCl. 

2.2.2. Determination of ruthenium 
Measure the absorbance of the solution obtained 

at ,I,,, = 480.0 nm against the blank. Calculate the 
concentration of ruthenium using the appropriate 
regression equation. 

2.2.3. Determination of osmium 
Heat the obtained solution for 30 min at 90°C. 

Allow it to cool to room temperature. Record the 
absorption spectrum of the solution against the 
blank with the following instrumental parameters: 
wavelength 300-650 nm; slit 1 nm; scan speed 120 

1.2 

1 

d 0.8 

9 
4 0.6 

ii 

4 0.4 

0.2 

0 

300 350 400 450 500 550 600 650 

Wavelength, nm 

Fig. I. Spectra of RuCIi- complex (16 fig Ru ml - ‘) in 6 M, 
8 M, 9 M and 10 M HCI (curves l-4 respectively) and 0~0, 
(16 pg OS ml-‘) in 6 M, 8 M, 9 M and IO M HCI (curves 5-8 
respectively) at room temperature. 

Fig. 2. 

a 

1 

D.8 

D.6 

0.4 

0.2 

0 

L b 

300 400 500 800 

1 

0.8 

0.8 

0.4 

0.2 

0 
300 400 500 600 

1 

0.8 

0.8 

0.4 

0.2 

0 
300 400 500 600 

wavelength, nm 
Spectra of the RuCI~- complex (16 pg Ru ml - ‘) in 

(a) 6 M HCI, (b) 8 M HCI, (c) 9 M HCl and (d) IO M HCI 
(directly after absorption of RuO,, curve 1; after 30 and 60 
min. curves 2 and 3 respectively; after 24 h curve 4). 

nm min’; sampling interval (interpoint distance) 
0.2 nm. Calculate (with 55 points and 2nd degree 
polynomial) the third-derivative absorption spec- 
trum of the solution. Measure the value of the third 
derivative of osmium at 350.0 nm. Calculate the 
osmium concentration using the appropriate regres- 
sion equation. 
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300 350 400 450 500 550 

Wavelength, nm 

Fig. 3. Etrect of temperature on the reduction of 0~0, (I 6 pg 
OS ml ‘) in 9 M HCI. Curves l-8 correspond respectively to 
the temperatures 50, 60, 70, 80, 85, 90. 95°C and room 
temperature. Heating time (constant), 20 min. 

3. Results and discussion 

3.1. Studies on the reduction of RuO, and 0~0, 
in hydrochloric acid. 

Ruthenium and osmium are quantitatively oxi- 
dized to Ru(VIII) and Os(VII1) in a medium of 

l i 

300 350 400 450 500 550 

Wavelength, run 

Fig. 4. Effect of the heating time on the reduction of 0~0, (I 6 
~gOsml~‘)in lOMHCI(5, 10, 15,20and25minat90°C, 
curves l-5 respectively; spectrum of 0~0, solution in 10 M 
HCI at room temperature, curve 6). 

300 350 400 450 500 550 

Wavelength, nm 

Fig. 5. Effect of the heating time on the reduction of 0~0, (16 
/cg0sml~‘)in9MHC1(5,10,15,20,30,45and60minat 
90°C curves l-7 respectively; spectrum of 0~0, solution in 9 
M HCI at room temperature, curve 8). 

hot concentrated HClO, + H,SO, (1 + 3) and se- 
lectively volatilized as RuO, and 0~0, from the 
examined samples. The experiments carried out in 
this work have shown that both the tetroxides are 
quantitatively absorbed in hydrochloric acid 
medium with the formation of chloride complexes 
of the elements in lower oxidation states. The 
reduction rates of RuO, and 0~0, and the type of 
complexes formed depend on the HCl concentra- 
tion, temperature and reaction time. 

It has been found that in 6-10 M HCl RuO, is 
easily reduced to Ru(IV) and the complex 
RuCli- with i,,,, at 480.0 nm is formed (Fig. 1; 
curves l-4). Quantitative conversion of Ru(VII1) 
into this complex takes place at room tempera- 
ture. Large amounts of decomposition products 
of HClO, and H,SO, acids that pass during distil- 
lation into the absorbing solution may cause 
slight differences in the maximum absorbance of 
the solution obtained by distillation of ruthenium 
from a dilute KMnO, solution (A,,, = 485.0 nm) 
[5]. The maximum stability of the RuClg- com- 
plex is observed in 8 M hydrochloric acid (Fig. 
2b). The absorbance of the obtained complex at 
&,,, = 480.0 nm does not change significantly 
over a period of 24 h. Slow partial reduction of 
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300 350 400 450 500 550 
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Fig. 6. Effect of the heating time on the reduction of 0~0, (16 
pg 0s ml-‘) in 8 M HCI (10, 20. 30, 60 and 120 min at 90°C. 
curve I-S respectively; spectrum of 0~0, solution in 8 M HCI 
at room temperature, curve 6). 

Ru(IV) to Ru(II1) and the formation of the 
RuCli- complex with maximum absorbance at 
350 nm may take place with increasing HCl con- 
centration. The maximum absorbance of the 
RuClg - complex at 480 nm in 9 M and 10 M 
HCI decreases by about 9% and 11% respectively, 
within 24 h (Fig. 2c,d). The absorbance of the 
complex is practically constant 60 min after ab- 
sorption of RuO, in both the examined media. 

It has been found that the reduction of osmi- 
um(VIII) can be considerably accelerated by heat- 
ing 0~0, solutions in hydrochloric acid (Fig. 3). 
On heating 0~0, solutions in 8- 10 M hydrochlo- 
ric acid Os(VII1) is rapidly reduced to OS(W) and 
the stable OsClz- complex (A,,, = 334.8 nm, E = 
8.4 x 10’ 1 mol.~ ’ cm - ‘) is formed. Quantitative 
conversion of osmium into the OsC1iP complex 
takes place after 10 min, 15 min and 1 h heating 
of 0~0, solutions in 10 M HCl (Fig. 4) 9 M HCl 
(Fig. 5) and 8 M HCl (Fig. 6) at 90°C respec- 
tively. In this work reduction of Os(VII1) to 
Os(IV) was carried out in 9 M hydrochloric acid 
upon heating for 30 min at (90 k I)‘C. 

3.2. Determinution of ruthrnium 

The experiments have shown that 0~0, is very 
slowly reduced in hydrochloric acid medium at 

Osmium does not interfere with direct spec- 
trophotometric determination of ruthenium in all 
the examined media (Fig. 1; curves 5-8). 0~0, in 
hydrochloric acid and the OsC1gP complex ob- 
tained after the reduction of Os(VII1) to OS(W) 
have no effect on the absorbance of ruthenium at 

Table I 
Statistical evaluation of the results of the determination of ruthenium by direct spectrophotometrq 
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room temperature. No chloride complexes con- 
taining osmium in lower oxidation states are 
formed directly after absorption of 0~0, in 6- 10 
M hydrochloric acid (Fig. 1; curves 5-8). In 6 M 
and 8 M HCl solutions no reduction of 0~0, was 
observed after 24 h at room temperature. Slow 
reduction of Os(VII1) to Os(V1) and the forma- 
tion of the OSO,C~,~~ complex [4] with i.,,, at 
346.8 nm take place in 9 and 10 M HCl. 

Ruthenium added (kg) Ruthenium found” (fig) Standard deviation (s) 

(PP) 

100.0 102.1 6.17 
(96.7)” (6.25) 

200.0 196.8 6.43 
(197.8) (5.90) 

400.0 399.5 6.52 
(396.9) (7.99) 

Relative standard 
deviation (RSD) (‘%) 

6.0 

(6.4) 

3.3 

(3.0) 

1.6 
(2.0) 

Confidence limits 
(z = 0.05) 

102.1 & 6.6 
(96.7 F 6.4) 

196.8 F 6.8 
(197.8 + 6.2) 

399.5 5 6.9 
(396.9 i 8.3) 

‘n=6. 
b Data obtained in the presence of 200 lg of OS in examined solution. 
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k 
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Wavelength, nm 
Fig. 7. Direct (a) and derivative (first-, second-, third- and 
fourth-order, bbe respectively) spectra of the OsClg- (16 pg 
OS ml -I, curve 1) and RuCIz- complexes (8 and 16 pg Ru 
ml - ‘, curves 2 and 3 respectively) in 9 M HCI after heating 
for 30 min at (90 & 1)“C. 

480.0 nm. It has been found that osmium in 
concentrations of up to 100 pg ml- ’ does not 
interfere with the determination of ruthenium. 
The maximum absorbance of the solution at 480.0 
nm corresponds only to the concentration of 

ruthenium. The molar absorptivity of the RuClz - 
complex in 9 M HCl medium amounts to 4.8 1 
mol - ’ cm ~ ‘. The linear concentration range for 
ruthenium determination with the examined con- 
ditions amounts to 0.07-20 pug Ru ml- I. The 
regression equation is y = 0.0472~ - 0.0144 where 
y is the absorbance measured and c is the concen- 
tration of ruthenium (pg ml - ‘); correlation co- 
efficient R2 =0.9999. Sensitivity of the method 
(u = s,,,,/m; where s,+ and m are the average 
deviation from the regression line and the slope of 
the calibration curve respectively) amounts to 
0.073 pg Ru ml - ‘. The precision and accuracy of 
the results of the determination of ruthenium in 
the absence of osmium in the examined solutions 
and in mixtures with osmium are shown in Table 
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Fig. 8. Direct (a) and third-order derivative (b) spectra of 
OsC1im complex (8 pg OS ml-‘, curve 1; 16 pg OS ml-‘, 
curve 2) and mixtures of OsCli- and RuCIi- complexes (8 
~gOsml~‘+8~gRuml-‘,curve3;8pgOsml-’+16~g 
Ru ml-‘, curve 4; 16 pg OS ml-’ +8 pg Ru ml-‘, curve 5; 
16 pg OS ml-‘+ 16 pg Ru ml-‘, curve 6). 
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Table 2 
Statistical data on the results of the determination of osmium by third-order derivative spectrophotometry 

Osmium added (pg) 

100.0 

200.0 

Osmium found” (fig) 

101.5 
(97.5)b 

204.3 
(201.3) 

Standard deviation (s) Relative standard Confidence limits 

(Peg) deviation (RSD) (“A)) (2 = 0.05) 

2.08 2.1 101.5 k 2.19 
(4.98) (5.1) (97.5 +_ 5.2) 

4.41 2.2 204.3 _+ 4.61 
(4.09) (2.0) (201.3 k 4.3) 

400.0 398.9 4.01 1.0 398.9 f 4.21 
(402.5) (2.94) (0.7) (402.5 f 3.1) 

“n=6. 
’ Data obtained in the presence of 200 fig of Ru in examined solution 

Table 3 
Results of the determination of ruthenium and osmium in standard plasma solution of the noble metals (100 ,~g Ru ml-‘. 100 pg 
Rh ml-‘, 100 pg Pd ml-‘, 100 fig OS ml-‘, 100 mg Ir ml- ‘, 100 pg Pt ml-’ and 100 pg Au ml-’ in 20 % HCI) 

Sample examined (ml) Element determined” Standard deviation (s) Relative standard Condidence limits 
beg ml-‘) (fir2 ml-‘) deviation (RSD) (D/o) (r = 0.05) 

Ruthenium 
1 99.4 3.83 3.8 99.4 * 4.0 
2 99.8 1.83 1.8 99.8 + I .9 
3 99.6 2.51 2.5 99.6 * 2.6 

Mean (pg ml-‘) 99.6 

Osmium 
1 100.4 3.25 3.2 100.4 + 3.4 
2 100.3 4.36 4.3 100.3 + 4.5 
3 98.5 2.23 2.2 98.5 i 2.3 

Mean pg ml-’ 

“n=6. 

99.7 

1. The relative standard deviation (RSD) does not 
exceed 6.0% and 6.4% respectively. 

3.3. Determination of osmium 

Ruthenium interferes with the spectrophoto- 
metric determination of osmium in hydrochloric 
acid media (Fig. 7a). The results of the determina- 
tion of osmium are higher by about 50% when the 
concentrations of ruthenium and osmium in ex- 
amined solutions are equal. It has been found that 
the interferences of ruthenium (up to 100 pg Ru 
ml-’ examined) can be completely eliminated 
when numerical calculation of absorption spectra 

of the OsCli ~ and RuCli - complexes is carried 
out and derivative spectra are recorded. The 
derivative absorption band of ruthenium is par- 
tially reduced when considering the first-, second-, 
third- and fourth-order (Fig. 7b-e respectively) 
derivative spectra. The third- and fourth-order 
derivative spectra of ruthenium cross the zero line 
at 350.0 nm and 359.0 nm respectively (Fig. 7d,e) 
independently of the ruthenium concentration. 
The value of the corresponding derivative spec- 
trum of osmium at these wavelengths depends 
only on the osmium concentration in the exam- 
ined solution (Fig. 8b). The calibration curve for 
osmium determination by the third-order deriva- 
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tive values at 350.0 nm (“zero-crossing point” of 
ruthenium) is linear in the 0.02-20 ,~g OS ml ~ ’ 
concentration range. The regression equation is 
I’= 2.22 x lo-‘c - 1.6 x lop6 where y is the mea- 
sured derivative value and c is the concentration 
of osmium (pug ml- ‘); correlation coefficient 
R’= 0.9992. Sensitivity of the method (U = s, ,./ 
nz) amounts to 0.015 pg OS ml ~ ‘. The RSD does 
not exceed 2.2% in the absence of ruthenium in 
the final solution and 5.1% for a mixture of 
OsClg- and RuCli ~ complexes (Table 2). 
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Abstract 

A study was carried out with a continuous hydride generator coupled to an atomic emission spectrometer with 
inductively-coupled plasma to determine whether hydrides of As, Bi. Pb, Sb, Sn and Se and mercury vapor could be 
generated in methanol solutions of their dithiocarbamate complexes. It was found that (with the exception of Pb) 
hydride generation with sufficient efficiency for simultaneous multi-element determination is achieved using 0.25’%1 
NaBH4-0.6 mol 1~ ’ HCl as reaction medium. The detection limit was found to be 0.2 ng ml - ’ for As, 30 ng ml-- ’ 
for Bi, 0.03 ng ml ’ for Se, Sb and Sn. 

Kevwords: Inductively-coupled plasma atomic emission spectrometry; Continuous hydride generator; Dithiocarba- _ _ _ 
mate complexes in methanol; Solid phase extraction 

1. Introduction 

The generation of volatile covalent hydrides 
and mercury vapor has become a widely-used 
technique in atomic spectrometry for analysis of 
As, Sb, Se, Sn, Ge, Te, Bi, Hg and Pb in various 
matrices. For the determination of extremely low 
element concentrations and for the elimination of 
matrix interferences a preliminary preconcentra- 
tion is necessary. Liquid-liquid extraction pre- 
concentration methods have been described in 
combination with subsequent hydride generation 

* Corresponding author. 

(HG) directly in non-aqueous media without any 
mineralisation or re-extracting procedures [ 1 - 111. 
However, the solvent extraction method offers 
limited enrichment factors and is unsuitable for 
automation of the analysis and for preservation 
and transportation of pretreated samples. This is 
the reason for the recent enhanced interest in 
preconcentration methods using column solid 
phase extraction. An effective preconcentration 
technique allowing higher concentration factors 
than with liquid extraction was developed using 
a water-insoluble ligand, such as ammonium hex- 
ahydroazepine- 1 -dithiocarboxylate (ammonium 
hexamethylenedithiocarbamate) (HMDC), physi- 
cally immobilized on polyurethane foam, and dis- 

0039-9140/96/Sl5.00 ‘0 1996 Elsevier Science B.V. All rights reserved 
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posable syringes as microcolumns [12]. In a pre- 
liminary study optimum conditions were estab- 
lished for quantitative solid phase extraction of 
As, Bi, Hg, Sb, Se, Sn and Pb. A complete elution 
was achieved by total dissolution of the sorbed 
analyte dithiocarbamate complexes in organic sol- 
vents [12,13]. The application of a water-miscible 
solvent such as methanol simplifies the analytical 
procedure due to the possibility of using the con- 
ventional hydride generator for aqueous solutions 
without any changes. However, no data are avail- 
able on whether elemental hydrides and mercury 
vapor could be generated from methanol solu- 
tions of chelate complexes of the analytes and 
then followed by inductively-coupled plasma 
atomic emission spectrometry (ICP-AES) mea- 
surements. 

The aims of the present work are: (i) to investi- 
gate the hydride generation of As, Sb, Sn, Se, Bi 
and Pb when present as dithiocarbamate com- 
plexes in methanol solutions; (ii) to investigate the 
behaviour of Hg under the same conditions; and 
(iii) to optimize the working conditions for combi- 
nation of the HG in methanol solutions of the 
analyte dithiocarbamate complexes with an induc- 
tively-coupled plasma optimized for simultaneous 
determination of the above elements by atomic 
emission spectrometry. 

2. Experimental 

2.1. Reagents and apparatus 

All reagents used were of analytical-reagent 
grade. Redistilled water was used throughout. 
Stock solutions of 0.25% and 0.5% NaBH, 
(Merck) in 0.4% NaOH were prepared daily and 
stored in a polyethylene bottle before use. The 
multielement standard solutions for all the studied 
elements were prepared from Titrisol (Merck, 
Germany). HMDC (Merck) was used as received. 
The solvent methanol (Merck) was additionally 
purified by distillation. 

The ICP-AES measurements were performed 
with a simultaneous ICP spectrometer Spec- 
troflame combined with a continuous hydride 
generator 341-ARL. The ICP and HG operating 
conditions are given in Table 1. 

The HMDC-immobilized polyurethane foam 
and the sorbent columns for solid phase extrac- 
tion were prepared as described earlier [12]. 

2.2. Preparation of test solutions 

To 20.00 ml of a standard solution containing 
50 ng ml ~ ’ As(III), Sb(III), Bi(III), Se(IV); 60 ng 
ml ~ ’ Sn( IV); 20 ng ml - ’ Hg(II) and 100 ng ml - ’ 
Pb 5 ml acetic buffer at pH 4.66 was added. This 
solution was pumped through a sorbent column 
filled with HMDC-immobilized polyurethane 
foam using the conditions reported previously 
[12]. Then the organic chelating ligand, HMDC, 
together with the analyte-dithiocarbamate com- 
plexes formed were completely dissolved in 9.0 ml 
methanol or in 9.0 ml aqueous methanol solution 
with 66% methanol (6.0 ml CH,OH + 3.0 ml 
H,O). 

2.3. Recommended procedure 

In 150 ml of a water sample 3 g KI is dissolved 
and heated gently at 60°C for 1 h to ensure that 
the analytes are present in their lower oxidation 
states. The pH is adjusted to 4.5 + 0.5 with ac- 

Table 1 
ICP operating parameters and HG conditions 

Incident power (kW) 
Argon flow rates (I min-‘): 

coolant 
carrier 
sheath 

Observation height (mm) 
Pre-integration time (s) 
Integration time (s) 
Wavelengths (nm): 

As 1 
Bi I 
Hg 1 
Pb II 
Sb 1 
Se 1 
Sn II 

Reductant 

Reductant flow rate (ml min-‘) 
Acid flow rate (ml min-‘) 
Sample flow rate (ml min ‘) 

1.25 

17 
0.9 
0.85 

15 
30 

5 

189.04 
230.0 
184.95 
220.35 
206.8 
196.09 
189.98 
NaBH, solution in 
0.4% NaOH 
2.4 
1.2 
6.0 
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0.25% NaBH4 - 0.6M HCI 

As Ha Pb sb SO sn 

: LF2*tHcL 
tza 66(HcH3OH-L 
%%% CEJOH-L 

Fig. 1. Analyte line intensity relative to aqueous reference solutions using 0.25% NaBH,-0.6 M HCI as reaction medium for hydride 
generation: + L in presence of HMDC; - L in absence of HMDC. 
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Fig. 2. As Fig. I but with 0.25% NaBH,-1.2 M HCI as reaction medium. 

etate buffer or if necessary with some drops of 
dilute ammonia or HCl. The sample is pumped 
through the sorbent column at a flow rate of 2 ml 
min’. Then 5.0 ml CH,OH is placed in a dry 
quartz beaker and passed six times through the 
sorbent with the aid of the syringe plunger. This 
methanol solution of the analyte-dithiocarba- 
mate complexes is connected to the sample chan- 
nel of the hydride generator. The calibration 
solutions were prepared from aqueous multiele- 
ment standard solutions by appropriate dilution 
with a methanol solution of HMDC (10 g l- I). 

3. Results and discussion 

The influence of methanol and of the chelate- 
forming ligand HMDC on the yield of hydride 
was investigated for the following reaction sys- 
tems: A, 0.25% NaBH,-0.6 M HCl; B, 0.25% 
NaBH,- 1.2 M HCl; C, 0.25% NaBH,-0.6 M 
HNO,; D, 0.25% NaBH,- 1.2 MHNO,; E, 0.25% 
NaBH,-2 M HNO,; F, 0.5% NaBH,-2 M 
HNO,. 

The intensity of the emission signal of the ana- 
lytes when present as dithiocarbamate complexes 
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Fig. 3. As Fig. 1 but with 0.25% NaBH,-0.6 M HNO, as reaction medium. 
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J 
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Fig. 4. As Fig. I but with 0.25’1/0 NaBH,-1.2 M HNO, as reaction medium 

in methanol (Z,) was compared with that obtained 
for aqueous solutions (I,) at the same experimen- 
tal conditions. The results obtained for the rela- 
tive intensity, Z, ( = IJZ,), are shown in Figs. l-6. 
The chelate-forming ligand HMDC affects the 
process of hydride generation. The HG reaction 
was realised with higher efficiency in methanol 
solutions without ligand than in those with ligand. 
The influence of HMDC depends on the stability 
of the dithiocarbamate complexes of the analytes 
in methanol and on the rate of hydride formation 
or reduction to the elemental state (Hg). In the 

presence of methanol and HMDC Pb cannot 
form a volatile covalent hydride at all. The ligand 
HMDC strongly suppresses the formation of bis- 
muthine in all the investigated reaction systems 
(Figs. l-6) due to the high stability of the Bi- 
dithiocarbamate complex and the relatively slow 
rate of bismuthine formation. The determination 
of Bi in the presence of HMDC is possible only in 
0.25% NaBH,-0.6 M HCl with twice as poor 
sensitivity (Z, = 0.5). 

Arsenic forms a volatile hydride independent of 
the presence of ligand and in the applied reaction 
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Fig. 5. As Fig. 1 but with 0.25% NaBH,-2 M HNO, as reaction medium. 
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Fig. 6. As Fig. 1 but with 0.5% NaBH,-2 M HNO, as reaction medium. 

system in pure CH,OH as well as in 66% CH,OH 
(Fig. 1). 

Selenium forms a volatile hydride in methanol 
solutions of HMDC with all the studied reduction 
systems. The efficiency of H,Se formation is 
higher in HCl medium (I, z 1.9-2.4, Figs. 1 and 
2) than in HNO, medium (Z, z 0.85-1.15, Figs. 3, 
4 and 6) except for the system 0.25% NaBH,-2 
M HNO, where 1, = 4.3 (Fig. 5). 

In the case of antimony the efficiency of stibine 
formation is higher (I, z 2) in hydrochloric acid- 
containing reaction systems (Figs. 1, 2) than in 
nitric acid medium (Z, < 1, Figs. 3, 4 and 6). 

A strong depression of SnH, formation was 
observed in the presence of HMDC in the 
methanol solution for all reaction systems with 
HNO,. 

Mercury forms stable dithiocarbamate com- 
plexes. Nevertheless, the efficiency of mercury va- 
por formation is high in the reaction systems 
containing HCl (I, z 4.5) and HNO, (I, z 1.13). 
This is probably due to the high reduction rate of 
mercury to the elemental state. 

The higher intensity signals for As, Hg, Sb, Se 
and Sn in methanol in the absence of the chelate- 
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Detection limits (3 0) for HG with ICP-AES for methanol solutions of dithiocarbamate complexes of the analytes 

Reaction medium Detection limit (ng ml-‘) 

As Bi Hg Sb Se Sn 

0.25% NaBH,-0.6 M HCl 
0.25% NaBH,-1.2 M HCI 
0.25% NaBH,-0.6 M HNO, 
0.25% NaBH,- 1.2 M HNO, 
0.25% NaBH,-2 M HNO, 
0.5% NaBH,-2 M HNO, 

0.2 30 0.03 3 3.3 2.1 
0.5 - 0.1 - 
0.8 0.2 1.8 9 4 
0.7 - 0.1 - 7 - 
- - 0.2 - 9 - 

0.4 - 0.2 3 8.5 - 

forming ligand HMDC (Figs. 1 and 2) than for 
their aqueous reference solutions could be ex- 
plained by a lowering of the surface tension, 
promoting a higher rate of hydride or cold vapor 
liberation from the liquid phase. This is pre- 
sumably the explanation for the higher efficiency 
in pure methanol than in 66% methanol. An 
exception is observed for bismuth and lead. The 
generation of bismuthine in HCl medium does not 
depend (I, z 1) on the replacement of water by 
CH,OH. 

3.1. Choice of working conditions 

A higher sensitivity and a more stable plasma 
were obtained for methanol solutions of HMDC 
in comparison to aqueous methanol solutions 
(66% CH,OH). 

Table 3 
Comparison of the detection limits (3 c) of HG-ICP in 
aqueous solutions and in methanol solutions of the analyte 
dithiocarbamate complexes after preconcentration by column 
solid phase extraction (recommended procedure) 

Element HG-ICP in aqueous 
solutions (ng ml-‘) 

Recommended 
procedure 
(ng ml-‘) 

As 0.2 0.008 
Bi 0.35 1 
Hg 0.02 0.001 
Sb 0.5 0.1 
Se 0.6 0.1 
Sn 0.3 0.1 

The optimum conditions for single element de- 
termination can be seen from the calculated limits 
of detection presented in Table 2. For simulta- 
neous multi-element analysis, elution by total dis- 
solution of the analyte-dithiocarbamate com- 
plexes in pure methanol and HG using the reac- 
tion system 0.25% NaBH,-0.6 M HCl is recom- 
mended as the optimal compromise decision. In 
comparison with work with aqueous solutions 
under these experimental conditions the back- 
ground signal for Bi does not change, but for As, 
Se, Sb and Sn it is enhanced 1.5-fold and for Hg 
it is enhanced 2.3-fold. The relative standard devi- 
ations of the measurements in methanol and 
aqueous media do not differ significantly, varying 
between 1 and 4%. 

Table 3 presents the achievable best sensitivity 
for HG-ICP determination of the investigated 
elements in aqueous solutions using the optimal 
experimental conditions for aqueous media (0.5% 
NaBH,-0.3 M HCl). It can be seen that whereas 
for As and Hg no substantial change in the sensi- 
tivity of their determinations was observed, for 
selenium the sensitivity in methanol solution of its 
dithiocarbamate complex is approximately five 
times worse than by HG from aqueous Se(IV) 
solutions. This lowering in sensitivity is about a 
factor of nine for Sn and almost two orders of 
magnitude for Bi. However, the combination of 
HG with preliminary 30 fold preconcentration of 
the traces by column solid phase extraction, as 
described in the recommended procedure, permits 
the determination of extremely low analyte con- 
centrations with the exception of Bi (Table 3). 
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Recovery (%) from spiked water samples (n-number of samples) 

Sample Recovery (%) 

AS Bi Hg Se Sb Sn 

Tap water (n = 4) 97 + 5 95 + 5 99 i: 2 97 +3 95 +4 96 k 5 
Mineral water (n = 3) 97 + 3 96 + 6 97 f  3 96k 3 97 f  3 97*4 
Ground water (n = 3) 96 + 6 97 f  5 9854 9524 96 + 5 98 + 2 
Waste water (n = 4) 95*4 95 + 7 96 i- 5 93 * 5 97 +4 95&4 
Sea water (n = 7) 96&6 96 + 6 97 + 5 92 f  6 94 * 4 93 * 5 

3.2. Application of the method 

The recommended procedure was applied to a 
number of water samples: sea water, waste water, 
tap water, mineral water and ground water. The 
recovery studies were performed by adding known 
amounts of the analytes to the samples prior to 
adjustment of the pH value to 4.5 + 0.5. The 
results are shown in Table 4. The high recoveries 
obtained indicate that the foreign ions present in 
the samples do not interfere to any significant 
extent with the determination of As, Bi, Sb, Se 
and Sn after HG in methanol solutions of the 
analyte dithiocarbamate complexes. The highest 
concentrations of coexisting ions in the water 
samples analysed were 0.4 pg I - ’ Cd, 2 pg I- ’ 
Cr, 100 pg 1-l Cu, 300 pg 1-r Fe, 200 pg 1-r 
Mn, 1.2 fig 1-l Ni, 5 pg 1-l Pb and 150 fig 1-l 
Zn. The alkali and alkaline earth elements, alu- 
minium and the anions are not sorbed and hence 
could not be present in the methanol solution. 

The results for water samples with higher ana- 
lyte content were compared with those of HG in 
aqueous solutions as shown for two cases in Table 
5. The agreement is good and the difference be- 
tween the standard deviations of both methods is 
not statistically significant. HG-ICP in aqueous 
solutions is undoubtedly a faster and simpler tech- 
nique, but the proposed column solid phase ex- 
traction preconcentration in combination with 
subsequent HG in methanol solutions for simulta- 
neous determination by ICP-AES allows higher 
sensitivity for As, Hg, Sb, Se and Sn, and permits 
better possibilities for the preservation and trans- 
portation of the water samples. 

4. Conclusion 

The conversion of the analytes from their 
dithiocarbamate complexes in methanol to cova- 
lent hydrides or cold vapor (Hg) through direct 

Table 5 
Results (pg I-‘) of the analysis of waste-water and sea-water samples (n = number of parallel determinations) 

Element Waste water (n = 4) 

Recommended 
procedure 

HG-ICP in aqueous 
solutions 

Sea water (n = 5) 

Recommended 
procedure 

HG-ICP in aqueous 
solutions 

As 2.8 f  0.3 2.8 + 0.2 1.27 + 0.08 1.32 + 0.07 
Bi 9.7 k 0.8 9.3 + 0.7 <l 10.35 
Hg 10.001 <0.02 2.5 & 0.3 2.3 + 0.2 
Se 6.4 5 0.5 6.2 + 0.3 <O.l <0.6 
Sb 17.2 + 1.2 16.6 f  0.8 0.37 + 0.05 <0.5 
Sn 46 f. 3 47.2 + 2.4 10.1 <0.3 
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reduction in the organic solvent permits the devel- 
opment of an effective solid phase extraction pre- 
concentration procedure prior to HG for 
simultaneous determination of As, Bi, Sb, Se and 
Sn. 
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Abstract 

We compared two extraction methods for use in CC-ECD determination of polychlorinated bi- and terphenyl 
contaminants (PCBs and PCTs respectively) in mussels (Mytilus gulloprouincialis). Mussels spiked with standard PCB 
and PCT mixtures Aroclor 1260 and Aroclor 5460 were extracted with cold acetonitrile, or with 1:l n-hexanei 
dichloromethane in a Soxhlet extractor, which gave the better mean recoveries of 99.0 + 2.5% and 59.5 k 8.3% for 
PCBs and PCTs respectively. 

Keywords: PCBs; PCTs; GC/ECD; Mussels 

1. Introduction 

Polychlorinated bi- and terphenyls (PCBs and 
PCTs respectively) constitute a family of environ- 
mentally persistent, synthetic chlorinated hydro- 
carbons which are highly lipophilic and are 
consequently water-insoluble [l] and tend to 
bioaccumulate in fatty tissues [2]. 

Both PCBs and PCTs have been used as insu- 
lating materials in electrical capacitors and trans- 
formers, and as components in hydraulic and 

* Corresponding author. 

lubricating fluids, plasticizers, paints adhesives 
and waxes. Use of both types of compound is 
now restricted [3]. However, although PCBs and 
particularly PCTs are subject to bio- and 
photodegradation [4], these compounds are highly 
stable in the environment and are now so widely 
distributed that detectable levels of PCBs [S- 131 
and PCTs [14- 191 (although few studies are avail- 
able) have been found in types of sample ranging 
from molluscs to mothers’ milk. 

Determination of PCBs and PCTs in environ- 
mental samples generally uses gas chromatogra- 
phy with electron-capture detection (GC-ECD), 
analysing organic solvent extracts of samples fol- 

0039-9140/96/$15.00 Q 1996 Elsevier Science B.V. All rights reserved 
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lowing pre-analysis clean-up on any one of a 
variety of solid phases [5-191. In this work we 
compared two different extraction methods for 
determination of PCB and PCT mixtures (Aroclor 
1260 and Aroclor 5460 respectively) in mussels 
(Mytilus galloprooincialis) from Galicia, N.W. 
Spain. 

2.4. Extraction procedures 

2.4.1. Extraction with acetonitrile [20] 

2. Experimental 

2.1. Reagents 

Pesticide-residue-analysis grade acetonitrile was 
purchased from Carlo Erba, pesticide-residue- 
analysis grade n-hexane and analysis-grade di- 
ethyl ether from Scharlau, pesticide-residue-analy- 
sis grade dichloromethane and residue-analysis 
grade anhydrous sodium sulphate from Merck 
and washed sea-sand from Panreac. Minicolumns 
(Sep-Paks Florisil) were from Waters. Aroclor 
1260 was from Monsanto Ibtrica, S.A. and Aro- 
clor 5460 from Chem Service; stock solutions 
containing 10 pug ml - ’ and 7 pg ml - ’ respec- 
tively were prepared in n-hexane. A working solu- 
tion of 20 g l- ’ sodium chloride was prepared 
with distilled water previously extracted with n- 
hexane. 

Each spiked aliquot of mussel homogenate was 
extracted by stirring it for 30 min with 2 x 25 ml 
portions of acetonitrile. The liquid extracts were 
isolated by vacuum filtration through a Buchner 
funnel (AFORA Fef. 884/73, 20-40 pm), com- 
bined into a single sample and mixed with 150 ml 
of the NaCl solution. This mixture was sequen- 
tially extracted with 2 x 25 ml portions of n-hex- 
ane, and the combined hexane-soluble extracts 
were washed with 15 ml and 10 ml portions of 
distilled water (previously extracted with n-hex- 
ane) before drying them over anhydrous Na,SO,. 
Finally, the hexane solution was concentrated to 1 
ml in a Kuderna-Danish type evaporator. 

2.4.2. Soxhlet extraction [21] 
Each spiked aliquot of mussel homogenate was 

mixed with 25 g of washed sea-sand and left at 
40°C in a laboratory oven for 24 h. Next, the 
mixture was placed in a Soxhlet extractor and 
extracted with 200 ml of 1: 1 n-hexane/ 
dichloromethane. After 6 h, the extractant was 
cooled, dried over anhydrous Na,SO, and con- 
centrated to 1 ml in a Kuderna-Danish type 
evaporator. 

2.2. Apparatus 2.5. Clean -up 

Samples were homogenized with an Omni- 
mixer homogenizer 17106 and partially dried in a 
Heraeus T-340 laboratory oven. We used a 
Perkin-Elmer 8500 gas chromatograph, equipped 
with a 63 Ni ECD connected to a capillary 
column (Alltech RSL-200 0.25 mm x 25 mm; film 
thickness 0.2 pm) and samples were injected auto- 
matically (Perkin-Elmer AS-8300 autosampler). 

Suitable samples for GC-ECD analysis were 
obtained by passing the concentrate from each 
extraction method through Sep-Pak@ Florisil 
minicolumns, eluting in each case with 5 ml of 
n-hexane, and then concentrating the eluates to 1 
ml in a Kuderna-Danish type evaporator. 

2.6. Gas chromatography 

2.3. Samples 

Mussels were removed from their shells and 
homogenized. Aliquots (25 g) of mussel ho- 
mogenate were then spiked with Aroclor 1260 
(5-160 pg kg-‘) and 5460 (26-280 pg kg-‘) so 
as to roughly double the levels found in unspiked 
samples. 

Gas chromatography was performed in the 
split/splitless injection mode (vent flow, 20 ml 
min- ‘; splitless period, 1 min) on the apparatus 
described above. The injector and detector tem- 
peratures were 300°C. The oven temperature fol- 
lowed the following temperature programme: 1 
min at 50°C increasing at 20°C min ’ to 175°C 
then at 3°C min- ’ to 320°C. The carrier gas was 
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Fig. 1. Gas chromatogram showing optimal separation of standard mixtures of polychlorinated bi- and terphenyls (Aroclor 1260 
and 5460 respectively). 

nitrogen (N-50 grade) and the flow rate was 0.5 
ml min- ‘. Make-up gas was also nitrogen with a 
flow rate of 200 kPa. 

2.7. Quan t$cation 

Quantification of the PCBs and PCTs was by 
the external standard method, using the following 
equation 

where C, is the concentration (pg kg ~ ‘) of the 
analyte (PCB or PCT) in the mussel sample; C, is 
the concentration (/*g ml ‘) of the Aroclor 1260 
or Aroclor 5460 external standard, A, is the total 
area of the peaks due to PCBs or PCTs in the 
sample, and A, is the total area of the peaks due 
to the Aroclor 1260 or Aroclor 5460 external 
standard. 

3. Results and discussion 

Separation of the peaks due to the Aroclor 

1260 and the Aroclor 5460 standards was opti- 
mized in a series of experiments in which mixtures 
of these standards were injected and the tempera- 
ture programme was systematically varied. Fig. 1 
shows the chromatogram obtained using the se- 
lected temperature programme. 

Calibration curves were constructed by regress- 
ing the detector response at standard concentra- 
tion for six mussel samples spiked with between 5 
and 160 fig kg ’ of Aroclor 1260 (PCBs) or 
between 26 and 280 ,ug kg- ’ of Aroclor 5460 
(Table 1). Correlation coefficients (0.999, for 
PCBs, and 0.996 for PCTs) were high in both 
cases. 

3. I. Eficiency of’ the extraction method 

Twenty aliquots of homogenized mussel tissue 
were spiked with 160 pg kg ~ ’ of Aroclor 1260 
and 280 ,ug kg ’ of Aroclor 5460. Ten of these 
samples were then extracted using the acetonitrile 
method, and ten with 1:l n-hexaneidichloro- 
methane in a Soxhlet extractor; sample clean-up 
and GC-ECD analysis were the same for each 
series of samples. The realative efficiencies of the 



Table 1 
Correlation coefficient (r) and regression parameters for the calibratton curves J’ = /I.\ +rr 

Standard Concentration range 
(pg kg ‘) in the six 
spiked samples 

I h ‘I 

Aroclor 1260 55160 0.999, 5.29 x IO’ I.65 x IO’ 
Aroclor 5460 26 280 0.996 6.39 x IO' 1.60x IO5 

Table 2 
PCB and PCT contents of mussels from the four major Galician cstuarine bays (jcg kg’) 

Source of mussels No. of samples Arithmetic PCB mean 

Soxhlet Acetonitrile 

Arithmetic PCT mean 

Soxhlet Acetonitrile 

Muros-Noya 
Arosa 

Pontevedra 
Vigo 

,’ nd = not detected. 

II 
52 

IX 
26 

I83 165 
98 47 

80 43 

I38 69 

0.60 nd“ 
9.02 nd 
4.83 nd 
1.36 nd 

two extration methods were assessed by compari- 
son of recoveries. The Soxhlet extraction method 
was the superior method, with recoveries of 
99.0 f 2.5% in the case of Aroclor 1260 (PCBs), 
and 59.5 k 28.3% in the case of Aroclor 5460 
(PCTs). 

n-hexane/dichloromethane in Soxhlet appartus, 
followed by sample clean-up on Sep-Pak Florisil 
minicolumns and GC-ECD using the external 
standard method. 

Since recoveries were low for PCTs (59.5%) 
more extraction time may be required. 

3.2. PCB md PCT content of’ Gdiciun tmssc& 
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Abstract 

A sensitive inductively-coupled plasma atomic emission spectrometric sequential method for the determination of 
trace heavy metals (cadmium, cobalt, copper and nickel) in biological samples after extraction of the metals into 
isobutyl methyl ketone (IBMK) containing 1,5-bis-(di-2-pyridylmethylene)thiocarbonohydrazide (DPTH) is described. 
A systematic study was made to determine the optimum conditions for extraction of the metals into IBMK. The 
complexes formed are quite soluble in IBMK, so much so that this allows the use of aqueous-to-organic phase volume 
ratios of up to 40 and hence the determination of concentrations down to 40 times lower than those afforded by the 
direct non-extractive method. The method has been used for the determination of these elements in various biological 
materials with good results. 

Ke.?~ords: Biological samples; Extraction; Inductively-coupled plasma spectrometry; 1.5-bis-(di-2-pyridyl- 
methylene)thiocarbonohydrazide 

1. Introduction 

Analysis of metals in biological samples is of 
appreciable interest due to the toxicity of some 
elements. Although various analytical techniques 
are available, electrothermal atomic absorption 
spectrometry (ETA-AAS) is adopted by most 

* Corresponding author. 

trace metal analysts because of its speed, minimal 
sample preparation, automation possibilities and 
sensitivity for most of the commonly determined 
metals. However, there are several disadvantages 
associated with the use of AAS as the detection 
method. These result from the limited linear cali- 
bration range, the large matrix interferences, the 
very small amounts of sample that can be intro- 
duced into the graphite tube and the fact that it is 
a single-element technique. 

0039-914Oj96j$15.00 8 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039.9140(95)01782-8 
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Inductively-coupled plasma atomic emission 
spectrometry (ICP-AES) has been widely recog- 
nized [l] as a suitable technique for the determina- 
tion of trace elements, its particular advantages 
being multi-element capability, large dynamic 
range and effective background correction. How- 
ever, several problems have been indicated by 
researchers, e.g. spectral interferences owing to 
matrix components, nebulizer blockage owing to 
the high solids content of the solution, and ana- 
lyte emission enhancement. In addition, ICP-AES 
has a significant drawback because the detection 
limit is sometimes inadequate to comply with 
requirements for the determination of trace ele- 
ments in biological samples. 

tion increases the selectivity of the determination, 
but an adequate increase in sensitivity may not be 
obtained. In addition, only a few studies are 
available dealing with the suitability for precon- 
centration of digests of biological materials ob- 
tained with specific sample digestion procedures. 
However, since the major metallic elements that 
constitute the matrix of both animal material and 
seawater are of the same nature, procedures that 
are suitable for trace element preconcentration 
and matrix separation of seawater may also be 
applicable to solutions of mineralized biological 
fluids and tissues. 

Adequate detection power can be achieved us- 
ing electrothermal vaporisation for sample intro- 
duction [2,3], but a number of interferences arise 
from the vaporisation and transport of the ana- 
lyte to the plasma which have yet to be elucidated 
fully. The alternative to increasing the detection 
limit of the ICP-AES system is to pre-concentrate 
the elements of interest prior to their determina- 
tion. Liquiddliquid extraction is one of the most 
frequently used sample pre-treatment techniques 
for the determination of trace metals by ICP-AES 
[4-91. The extraction serves the dual purposes of 
concentrating the metals of interest and separat- 
ing them from an interfering matrix. The extent of 
the concentration achieved depends on the ratio 
of the aqueous to organic phase volumes. How- 
ever, isolation from the matrix significantly de- 
creases the solids content of the solution, thus 
avoiding the nebulizer blockage. 

Watanabe et al. [26] described a preconcentra- 
tion method for Cd, Cu, Fe, Mn, Ni, Pb and Zn 
from seawater prior to determination by ICP- 
AES. The method involved complexation of the 
metal ions with %hydroxyquinoline followed by 
(column) absorption of C,,-bonded silica gel. The 
authors reported excellent rejection of Cu, Fe, Mn 
and Ni, but, owing to high blanks, Cd, Pb and Zn 
could not be determined. 

A method based on dithiocarbamate precon- 
centration for the simultaneous determination of 
Cd, Cu, Fe, MO, Ni, V and Zn in seawater by 
ICP-AES was described by McLeod et al. [27]. 
The trace metals were extracted from the sample 
with a mixture of ammonium tetramethylene 
dithiocarbamate and diethylammonium diethyl- 
dithiocarbamate in chloroform and back-ex- 
tracted into nitric acid. The concentrations of Cd, 
Cu. Ni and Zn, found at the ng ml ~ ’ level, were 
consistent with the results of independent AAS 
analysis. 

Although there have been relatively few litera- 1:5 - bis - (di - 2 - pyridylmethylene)thiocarbonohy - 
ture reports of solvent extraction combined with drazide (DPTH) is a suitable complexing reagent 
ICP spectrometry, solvent extraction procedures for a number of metal ions. Most of the com- 
initially developed for atomic absorption spec- plexes it forms are coloured and can be extracted 
trometry (AAS) can often be used in ICP-AES. into a variety of organic solvents. Its synthesis 
The theoretical principles underlining these meth- and properties have been described in detail [28], 
ods and compilations of numerous illustrative ap- as well as its use in the determination of nickel 
plications can be found [lo-121. In general. [29] and mercury [30]. In this work an ICP-AES 
ammonium pyrrolidine- 1-carbodithioates [ 13- 171 method is described for the determination of trace 
and sodium diethyldithiocarbamate [ 18 - 221 are amounts of three essential trace elements (Co, Cu, 
the most frequently used reagents, although other Ni) and one toxic heavy metal (Cd) in biological 
reagents such as 1-(2-pyridylazo)-2-naphthol materials after extraction of these metals into 
(PAN) [23], dithizone [24] and 8-hydroxyquinoline isobutyl methyl ketone (IBMK) containing 
[25], have been proposed. Normally, prior extrac- DPTH. The complexes formed are quite soluble 
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in IBMK, so much so that it allows the use of 
aqueous-to-organic phase ratios up to 40 and 
hence the determination of concentrations down 
to 40 times lower than afforded by the direct 
non-extractive method is possible. In addition, the 
extraction step enhances the selectivity. The 
method thus developed was applied to the deter- 
mination of Cd, Co, Cu and Ni in various biolog- 
ical materials. 

2. Experimental 

2. I. Apparatus 

The ICP-AES measurements were made on a 
Perkin-Elmer 40 sequential emission spectrometer 
controlled by an IBM XT-286 computer which 
was used to develop the method and for acquiring 
and storing the data. A standard torch and Mein- 
hard concentric glass nebulizer (controlled by a 
peristaltic pump fitted with silicone pump tubes 
working at a flow rate of 1 ml min ~ ‘) were used 
during the experiments. The r.f. generator of the 
nebulizer is internally mounted as a “free-run- 
ning” oscillator-type with a nominal central fre- 
quency of 40 MHz and a nominal operating 
power level of 900 W. The measurements were 
made with the aid of a Crison Digit-501 pH meter 
furnished with a combined glass-calomel elec- 
trode. Separating funnels were shaken on a Gal- 
lenkamp flask agitator with variable rate and 
programmable time. 

All glassware used was soaked in 10% nitric 
acid for 1 day and rinsed with water just before 
use. 

2.2. Reugents 

All chemicals were of at least analytical-reagent 
grade, and doubly-distilled deionised water was 
used throughout. 

The ligand for the DPTH solution was synthe- 
sized as described elsewhere [29]. A stock solution 
in IBMK was prepared by dissolving 0.1 g of 
DPTH in 9 ml of NJ-dimethylformamide and 
diluting to 100 ml with IBMK. The solution was 
found to remain stable for at least 1 week in a 
refrigerator. 

Stock solutions of cadmium (II), cobalt (II), 
copper (II) and nickel (II) were prepared from 
their commercial salts (nitrate or sulphate) and 
standardized titrimetrically or gravimetrically. 
Standards of working strength were made by ap- 
propriate dilution daily as required. 

A glycine-HCl buffer of pH 3.6 was prepared 
by mixing 25 ml of 0.2 mol 1 - ’ glycine and 2.5 ml 
of 0.2 mol l- ’ HCl in a 100 ml volumetric flask 
and diluting to the mark with distilled water. 
A 1 mol 1~ ’ solution of NaClO, was also used. 

2.3. Procedures 

2.3.1. Choice of‘ optimum extraction conditions 
The metal ions were extracted as follows: in 250 

ml separatory funnels were placed 10 pg of each 
metal ion and variable volumes of HCl, NaOH 
and NaClO, solutions and the mixture was di- 
luted to variable volumes of aqueous phase. Then 
10 ml of DPTH solution in IBMK at different 
concentrations was added and the mixture was 
shaken vigorously on the mechanical agitator for 
different periods of time. Once both phases had 
been separated, the aqueous phase was collected 
and the equilibrium pH measured. The organic 
phase was introduced into the plasma by means 
of a peristaltic pump, the content of metals was 
determined using appropriate calibration graphs 
(the standards were prepared in water-saturated 
IBMK). Appropriate blanks were prepared and 
were run in the same manner. 

2.3.2. Recommended procedure 
Aliquots of samples or standard solutions con- 

taining the metal ions at pH 3.6 were placed in 
250 ml separating funnels. Then, 10 ml of 0.1% 
DPTH in IBMK was added (the maximum vol- 
ume ratio of the aqueous to organic phases was 
2O:l for a single-stage extraction of 99- 100%). 
The mixture was shaken vigorously on the me- 
chanical agitator at 3000 rev min- ’ for 5 min. 
The phases were allowed to separate, and the 
organic solvent layer (approximately 5 ml, when 
the volume ratio of the aqueous to organic phases 
was 2O:l) was transferred into a polypropylene 
centrifuge tube (some samples needed centrifuga- 
tion for up to 5- 10 min to improve separation 
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between the layers). The organic phase was in- 
serted into the plasma by means of a peristaltic 
pump and the metals were determined according 
to the instrumental conditions given in Table 1. 

Two replicate measurements of the three ind- 
vidual sample preparations of the reference mate- 
rial were made and the metals were determined 
from the calibration graph, constructed with stan- 
dard solutions treated in the same way, and for 
each sample examined the value of the blank was 
subtracted (blanks were always run in the same 
way); alternatively the standard addition method 
was also satisfactorily applied. 

2.3.3. Sumple prepuration 
The certified reference materials (CRMs) 

analysed were: Community Bureau of Reference 
(BCR), CRM 061 Platihypnidium Ripariodides 
(Aquatic Moss), 176 City Waste Incineration Ash, 
186 Pig Kidney; National Research Council 
Canada (NRCC), CRMs TORT-l Lobster Hepa- 
topancreas, DOLT-l Dogfish Liver; and National 
lnstiture of Standards and Technology (NIST), 
Standard Reference Material (SRMs) 2670 Hu- 
man Urine Elevated Level. These samples were 
first dried in accordance with the norms of the 
respective analysis certificates. Three replicates of 
each dried sample were prepared according to the 
following procedure. In a reaction flask were 
placed 0.500 g of weighed sample and 10 ml of 
concentrated nitric acid, and the mixture was 
heated under reflux until the disappearance of 
nitrous fumes. Then, 2 ml of hydrogen peroxide 
was added and the mixture was evaporated to a 
small volume by heating on a hot plate to remove 

Table I 
Operating conditions for ICP 

- 

R.f. generator frequency 40 MHz, incident power I.1 
kW 

Photomultiplier voltage 600 v 
Plasma gas flow rate 12 1 min. ’ 
Auxiliary gas flow rate 0.5 1 min-’ 
Nebulizer gas flow rate 0.35 I min-’ 
Plasma viewing height 15 mm abobe induction coil 
Integration time 100 ms 
Read delay 20 s 
Peristaltic pump flow rate I ml min-’ 

the nitric acid. Next, the mixture was neutralized 
with NaOH solution, and was transferred to a 500 
ml standard flask. The pH was adjusted by means 
of glycine-HCl buffer solution (pH 3.6) and 12.5 
ml of 1 mol ml - ’ NaClO, solution was added; 
finally the contents were diluted with distilled 
water to the mark. The analysis of each sample 
was completed as described under “recommended 
procedure”. 

The SRM 2670 did not require mineralization 
and the sample was prepared from concentrates 
according to the directions supplied. 

3. Results and discussion 

3.1. Optimization of extraction conditions 

Extraction of metal ions by an organic reagent 
is known to be dependent on several factors, such 
as type and amount of reagent, organic solvent, 
pH of solution, shaking time, etc. We have inves- 
tigated the extraction process in order to obtain 
optimum conditions. IBMK has a significant solu- 
bility in water but was chosen as the organic 
solvent because of its high extraction efficiency for 
Cd(II), Co(H), Cu(I1) and Ni(II))DPTH com- 
plexes. 

In a general previous study [3 11, the influence of 
the pH on the extraction of Cd(II), Cu(II), Co(I1) 
and Ni(I1) into IBMK containing DPTH was 
investigated. The results obtained showed that the 
optimum pH range for the quantitative extraction 
is different for each ion: Cadmium, 3.3-l 1.4; 
cobalt, 1.5-8.0; copper, 2.8-9.8 and nickel, 2.0- 
5.0. Therefore, pH 3.6, provided with glycine- 
HCl buffer, is adopted in all subsequent 
experiments. The volume of this buffer added had 
no effect. 

The influence of the NaClO, concentration in 
the aqueous phase was examined. No appreciable 
variation in the percentage of extraction was ob- 
served, except for the CuDPTH complex; in this 
case and increase in the extraction was observed 
when the sodium perchlorate concentration was 
increased up to 0.025 M (Fig. 1). The optimal 
concentration of the anion was found to be 0.025 
mol 1~ ’ which was obtained by adding 5 ml of 1 
mol 1~ ’ NaClO, to 200 ml of aqueous phase. 



E. C’. A/mw et al. Tahtu 43 (19%) 493-501 491 

E a0 
Y 
t 
r 60 
a 
c 
t 
i 40 

0 
n 

20 

0 0.02 0.04 0.06 o.oa 0.1 0.12 
[NaC104.H20](N) 

Fig. I. Influence of perchlorate concentration on the extraction. Concentration of each ion in the aqueous phase: 50 ng ml- ‘. 
Concentration of DPTH in the organic phase: 2.3 x IO-’ M. Shaking time: IO min. Aqueous to organic phase volume ratio: 20. 
Ll, Cd: a, Co; -1, Cu; 3, Ni. 

The minimum shaking time was determined by 
varying the shaking time from 0 to 10 min (Fig. 
2): 3 min was found to be sufficient, however, 
prolonged shaking had no adverse effect on the 
extraction of metal ions and 5 min was selected 
for subsequent experiments. 

The reagent concentration in the organic phase 
was varied while keeping its final volume at 10 ml. 
The results obtained (Fig. 3) showed that the 
extracted fraction remains constant for DPTH 
concentrations equal to or greater than 1.37 x 
10 ’ mol l- ’ (0.06%). A concentration of 2.3 x 
10 - ’ mol l- ’ (0.1%) was used in practice in order 
to prevent depletion by other extractable ions 
potentially occurring in the aqueous medium. 

The extraction of metal ions was found to be 
quantitative up to an aqueous-to-organic phase 
volume ratio of 20, above which the organic 
phase volume was insufficient for the sequential 
determination of the four metal ions, because 
when the volume of the aqueous phase was in- 
creased, the volume of the organic phase after 
extraction decreased, for the reason that IBMK is 
not totally immiscible with water; however, the 
quantitative extraction of the metal ions could be 
verified from the analysis of the aqueous phase. 
When a phase ratio of 20 was used (200 ml of 
aqueous phase and 10 ml of organic phase), only 
approximately 5 ml of organic phase was ob- 

tained after extraction hence the phase ratio is 
actually 40. This phase ratio allows the sensitivity 
of the direct non-extractive method to be in- 
creased by a factor of approximately 40. 

3.2. Selection of’mrasuremmf conditions 

Several wavelengths were investigated for each 
metal. The following ICP lines were selected: 
228.802 nm for cadmium, 237.862 nm for cobalt, 
324.754 nm for copper and 352.454 nm for nickel. 
These wavelengths were selected using the mini- 
mum background equivalent concentration (BEC) 
as the optimization criterion. Other operating 
variables such as type of nebulizer, nebulizer flow 
rate, photomultiplier voltage and plasma observa- 
tion height were established to achieve the best 
signal-to-noise (S/N) ratios. The operating condi- 
tions for the spectrometer are recorded in Table 1. 

3.3. Culihration grrqh: prrcision and drdrction 
limit 

The relationship between each metal concentra- 
tion and emission intensity was studied in the 
range 0- 1000 ng ml - ’ of metal ion in the 
aqueous phase. A linear calibration graph was 
obtained for every metal ion in this range when 
an aqueous-to-organic phase volume ratio of 20 
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Fig. 2. Influence of shaking time on the extraction of 50 ng ml - ’ of Cd, Co, Cu. and Ni in the presence of perchlorate (0.025 M). 
Concentration of DPTH: 2.3 x IO-’ M. Aqueous to organic phase volume ratio: 20. Symbols as in Fig. I. 

was used with a slope of 86.6 for Cd, 36.3 for Ni, 
44.8 for Co and 418.9 for Cu. The blank levels for 
the analytes were: 1.9 + 0.2 ng ml ~ ’ for Cd, 
10 + 1.0 ng ml -’ for Ni (the presence of IBMK in 
the extractant produced a considerable back- 
ground at the Ni lines), 1.7 k 0.9 ng ml ~ ’ for Co 
and 0.3 + 0.1 ng ml ~ ’ for Cu. 

The limits of detection and determination of the 
method were established according to American 
Chemical Society Committee of Environmental 
Improvement definitions [32]. The values found 
for each metal when an aqueous-ot-organic phase 
volume ratio of 20 was used are listed in Table 2. 

Under the optimum conditions, ten determina- 
tions of standard solutions containing 10 ng ml ’ 
of each metal ion in the aqueous phase gave a 
relative standard deviation of 3.6% for Cd, 4.0% 
for Co, 3.0% for Cu and 4.4% for Ni; and for 100 
ng ml - ’ (aqueous phase) gave 1.9%, 1.8%, 2.1% 
and 0.8% respectively. 

3.4. Effect of @reign ions 

The effect of various ions on the sequential 
determination of cadmium, cobalt, copper and 
nickel by the proposed method was examined 
under the optimum working conditions. For this 
study, different amounts of the ionic species tested 
were added to 25 ng ml -’ solutions of Cd, Co, 
Cu and Ni in the aqueous phase, the volume of 

which was 200 ml, whereas the organic phase was 
10 ml. The starting point was an interferent-to- 
metal ion ratio of 4000 m/m; if any interference 
occurred, the ratio was gradually lowered until 
the interference disappeared. The tolerance limits 
found (Table 3) show that these ions can be 
sequentially determined in the presence of a vari- 
ety of foreign ions including most of those which 
commonly occur with them in natural and syn- 
thetic samples. The tolerance level for some metal 
ions can be increased by addition of a masking 
agent (see Table 3). However, some interferences 
were minimized by the addition of glycine as a 
masking agent. For this reason the glycine-HCl 
buffer was chosen for the determination of these 
metal ions. 

3.5. Sumple analysis 

In order to test the accuracy and applicability 
of the proposed method to the analysis of real 
samples, six biological reference materials miner- 
alized as described under “Sample preparation” 
were analysed. The standard additions method 
was used and the results were obtained by extrap- 
olation (similar results were obtained from the 
calibration graphs). These results, as the average 
of three separate determinations, are shown in 
Table 4. As can be seen, the metal concentrations 
determined by the proposed method are in close 
agreement with the certified values. 
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Fig. 3. EtTect of reagent concentration (organic phase) on the extraction of 10 ~(g of Cd. Co. Cu and Ni. Aqueous to organic phase 
volume ratio: 20. Shaking time: 5 min. Symbols as in Fig. I. 

4. Conclusions 

Two of the most frequently stated advantages 
of ICP as a source for emission spectrometry are 
its multi-element capability and low detection lim- 
its. However, in certain instances. detection limits 
possible with the ICP are still inadequate, espe- 
cially when the sample has a complex matrix. 
There are also many sample matrices that present 
difficulties in their own right. Problems may arise 
due to the high dissolved solid content of the 
sample solution, which can cause erratic nebuliza- 
tion and salt build-up on the torch aerosol injec- 
tor tip. In these circumstances, solvent extraction 
can provide valuable analyte separation from an 
interfering matrix. This study has shown that the 

Table 2 
Limits of detectlon and determination 

Element Limit of detection 
(ng ml- ‘: aqueous 
phase) 

Limir of 
determination 
(ng ml- ‘: aqueous 
phase) 

Cadmium 0.7 7.2 
Cobalt 3.0 10.5 
Copper 0.25 0.8 
Nickel 3.7 10.8 

ICP method described enables the determination 
of Co, Cd, Cu and Ni in biological materials. 
Detection limits for Cu. Cd, Co and Ni ranged 
from 0.25 to 3.7 ng ml ‘, which compares fa- 
vourably with other ICP-AAS methods [33]. 

Table ? 

Tolerated levels of foreign species 

Species Tolerated ratio (m m) 

.41kall metal ions, alkaline > 4000 
earth metal ions except 
Sr(ll), sulfate. nitrate. 

iodide, bromide, fluoride. 
ascorbic acid 

Sr(Il) 300 
Cr(Ill), Mo(VI). oxalate, 3000 

phosphate. thiosulphate 
Mn([I). As(ltl). As(V). I500 

thiourea 
Pb(ll) IO00 
Zn(ll). H&I). Fe(ll1)~‘. 500 
Fe(ll)” 
Al(111) 400 

Hg(I1) 250 
Sb(lll). Ag(l) 100 
Bi(ll1) 150 

.I Using NaF at a concentration 3000 times higher than that of 
Cd, Co, Cu. Ni. 
h As for ,’ plus 1 drop of HZOZ. 



500 E. c’. Alonso et ul. Tulanrrr 4.3 (1996) 493-501 

Table 4 
Determination of metal ions in biological samples 

BCR CRMs 061 
Platihypnidium 
ripariodides (aquatic moss) 

BCR CRMs 176 
City wast incineration ash 

NRCC CRMs TORT-l 
Lobster hepatopancreas 

BCR CRMs 186 
Pig kidney 

NRCC CRMs DOLT-l 
Dogfish liver 

NIST SRM 2670 
Human urine elevated level 
(pg ml-‘) 

Metal Certified 

(/‘!A Ed ‘1 

Found 

(/(!A 8-l) 

Cd 1.07 f 0.08 0.96 f 0.52 
co (43) 43 *2 
cu 72Ok 31 717 * 34 
Ni (420) 412 & 31 

Cd 470 * 9 495 & 1 
co 30.9 * 1.3 25.1 i 2.2 
cu 1302k26 1288&80 
Ni 123.5 k 4.2 87.8 f 4.2 

Cd 26.3 f 2.1 22.6 f 0.1 
co 0.42 i 0.05 + 50 added 51.73 f 2.41 
cu 439 * 22 471 k7 
Ni 2.3 & 0.3+50 added 59.3 * 2.2 

Cd 2.71 +0.15 3.12 k 1.36 
co 49.3 added 46.6 I 1.3 
cu 31.9+0.4 29.8 4 5.8 
Ni (0.42)~ 48.13 added 50.65 + 5.88 

Cd 4.18 * 0.28 4.53 * 1.50 
co 0.157 i 0.037 +49.348 added 43.425 k 1.430 
cu 20.8 + 1.2 22.8 z 8.3 
Ni 0.26 f 0.06 + 50.22 added 50.51 13.24 

Cd 0.088 + 0.003 0.077 + 0.013 
co 0.26 added 0.33 + 0.03 
cu 0.37 i 0.03 0.37 4 0.01 
Ni (0.30) 0.31 +0.15 

’ Mean i standard deviation for two replicate measurements of three indtvidual sample preparations. 
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Abstract 

This work presents an overview of electrochemical techniques, namely potentiometry, amperometry, tensammetry, 
electrocapillary measurements and biosensors, recently applied for the determination of surfactants. 

Keywords: Surfactant; Electrochemistry; Analysis 

1. Introduction 

Surface-active agents (surfactants) are produced 
worldwide in large amounts. The total world con- 
sumption was 4 500000 tonnes in 1993 [l]. A 
surfactant is an amphiphilic molecule which con- 
tains in its structure a hydrophobic non-polar part 
and a polar part whose structures may differ 
according to the nature of the tensio-active 
molecule. Table 1 shows the global repartition 
between the four groups of surfactant [2]. 

Surfactants are widely used in household or 
industrial cleaners, cosmetics, research laborato- 
ries, etc. Even though at the present time most 
tensio-active products used are biodegradable, 
their accumulation, or the accumulation of their 

* Corresponding author. Tel.: 32-2-650-52-I 5; fax.: 32-2. 
650-52-25; e-mail: jmkauf@resulb.ulb.ac.be 

biodegradation products in natural waters, in- 
duces water pollution which can, in extreme con- 
ditions, lead to the destruction of the surface 
water fauna and flora [3-81. The literature 
devoted to the determination of surfactants is 
greatly expanding and a number of applications 
are oriented towards the analysis of environmen- 
tal samples [9-l l] and in the quality control of 
manufactured products [9,11]. 

The most widely used technique in surfactant 
analysis is the so-called two-phase titration. In 
this method, the surfactant is extracted in an 
organic hydrophobic solvent (CHCl,) as a 
lipophilic ion-pair formed with the titrant. The 
latter is generally a surfactant of opposite charge. 
The titration is carried out in the presence of an 
ionic dye (or a mixture of ionic dyes) which 
colours the organic layer differently in the pres- 
ence of an excess of anionic or cationic surfac- 
tants [9,12- 161. This procedure is currently used 

0039-9140/96/$15,00 0 1996 Elsevier Science B.V. All rights reserved 
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as a standard method; however, it suffers from 
several drawbacks (Table 2). 

Alternative analytical methods have been devel- 
oped such as spectrophotometry [17720], ion pair- 
ing [21] and thin-layer chromatography [22,23], gas 
chromatography after derivatisation or thermal 
decomposition [24,25], HPLC coupled with con- 
ductimetric detection or post-column extraction 
and UV detection [11,26-321 capillary elec- 
trophoresis with UV detection and electrochem- 
istry [11,33]. This review is intended to provide an 
overview of recent electroanalytical methods 
devoted to surfactant analysis. 

2. Potentiometry 

Volumetric titration of a surfactant can be car- 
ried out in the presence of an ion-selective electrode 
(ISE) with potentiometric end-point detection. 
During the assay, the titrant and the surfactant to 
be analyzed form an ion-pair insoluble in water. 
Before the equivalent point, the analyte is in excess 
and, afterwards, the titrant is in excess. The elec- 
trode may be sensitive to the analyte or to the 
titrant. Basically, the electroactive part of an ISE 
membrane consists of an association of an ion-pair 
(C + A ~ ): where A ~ is an anionic surfactant (AS) 
and C+ is a positively charged counter ion, e.g. a 
cationic surfactant (CS). This kind of ISE is suit- 
able for the detection of A- and C + . 

Three different types of ISEs have been devel- 
oped: liquid impregnated inert membrane ISEs, 
conventional polymeric membrane ISEs (compris- 
ing an internal reference cell), and polymeric- 
coated wire ISEs. 

2.1, Liquid impregnated membrane electrodes 

The shape of this kind of electrode is approxi- 
mately the same for all ISEs (Fig. la). A glass tube 
is stoppered at one end with a Teflon membrane or 
a hydrophobic glass frit impregnated by the sensing 
solution [9]. This solution is an ion-pair, e.g. 
hexadecyltrimethyl ammonium-dodecylsulphate 
[9], dissolved in a hydrophobic organic solvent 
often belonging to the nitroaromatic derivatives. 
The inner body of the electrode is filled with a 

Table I 
World surfactant consumption by surfactant type [2] 

Surfactant type Consumption (‘X) 

Anionic surfactant (AS) 
Non-ionic surfactant (NS) 
Cationic surfactant (CS) 
Amphoteric surfactant (ZS) 

59 
33 

7 
1 

Table 2 
Drawbacks of the two-phase titration technique used in sur- 
factant analysis. 

Formation of an emulsion during titration (the interface 
between the two phases is not well defined) 

Turbidity of the solution when analyzing a complex 
sample 

Interferences by many other components ( ClO,- , SCN-, 
NO,-. .) 

Toxicity of the chlorinated organic solvent (CHCI?) 
Time-consuming 
The ion-pair must be lipophilic, i.e. the procedure is not 

applicable to NS or ZS titration 
Automation is difficult 

chloride solution of a diluted anionic surfactant 
and a Ag/AgCl reference electrode is dipped 
into this internal solution. The measurements 
are realized versus a second reference elec- 
trode (Ag/AgCl or SCE). Other liquid-membrane- 
based ISEs have been developed [9,34-371. 
Ishibashi et al. [34] used a Crystal Violet salt (Fig. 

Fig. lb - 
Polymalc mcmbna .Icmodc 

Fig. I. Potentiometric electrodes. A: electrode body; B: inner 
solution; C: internal reference electrode; D: inner body; E: 
glass frit; F: PVC tube; Cl: polymeric membrane; H: electric 
insulating body; I: metallic or graphite wire. 



M. Gerlarhe ef al. i Talanta 43 (1996) 507-519 509 

- - 

NCW 
+ 

L - 

Crystal Violet 
Fig. 2. Structure of the Crystal Violet ion 

2) in a nitrobenzene or 1,2-dichloromethane ma- 
trix as the active sensing part. This electrode is 
sensitive to aromatic sulfonates. The advantage of 
this membrane is the presence of hydrophobic 
groups in the Crystal Violet molecule which limit 
the dissolution of the sensing solution in aqueous 
samples. Sap et al. [37] used an Fe(I1) bis [2,4,6- 
tri(2-pyridyl)]- 1,3,5triazine complex embedded in 
the sensor for the analysis of ASS such as dodecyl 
sulphate (DS - ). The authors reported a linear 
response range between 7 x 1O-6 and 1.5 x lo- 3 
mol l- ’ without any interference from inorganic 
salts. This ISE, however, is also sensitive to other 
organic ions. In such titrations, the end point is 
detected by a potential jump whose magnitude 
increases with the alkyl chain length of the surfac- 
tant (formation of a more hydrophobic ion-pair). 
A successful ISE for the titration of CS with 
sodium tetraphenylborate has also been developed 
[9]. The reaction mechanism will be discussed 
below. 

Two major problems encountered with all liq- 
uid membrane electrodes are the drift of the po- 
tentiometric signal with time and a risk of 
membrane dissolution in the aqueous phase when 
the concentration of the surfactant approaches 
the critical micelle concentration (CMC). Actu- 

ally, it is practically impossible to use liquid mem- 
branes in direct potentiometric measurements of 
surfactants. The electrodes are generally applied 
for end-point detection in volumetric titrations. A 
comparison of the results obtained with the elec- 
trode of Anghel et al. [35] and the two-phase 
titration procedure reveals great accuracy for both 
techniques. However, the analysis of commercial 
cosmetic products and washing powders gives bet- 
ter results with the potentiometric titration 
method [35]. 

2.2. Conventional polymeric membrane ISEs 

Liquid membranes have been replaced by plas- 
ticised polymeric membranes. These electrodes are 
more robust and less sensitive to solubilization in 
aqueous media. The success of this kind of elec- 
trode is related to its simple membrane design 
(Fig. lb) [38]. The first step of the fabrication 
consists of dissolving a polymer (generally PVC), 
a large amount of plasticiser, and the sensing 
component in an organic solvent (e.g. THF or 
cyclohexanone). The latter is allowed to evapo- 
rate, leaving a dry membrane. Then, the mem- 
brane is adjusted onto the body of the electrode. 
Using a plasticiser:PVC ratio of 70:30, this type of 
membrane can be regarded as a single phase 
homogeneous mixture [ 121. The choice of the plas- 
ticiser is of considerable importance. The nature 
of this compound will influence the slope and the 
linear range of the ISE response. The amount of 
plasticiser determines the stability and the 
longevity of the electrode. Or&o-nitrophenyl 
octyl ether (NPOE) [2,12,36,39-531 and nitro- 
phenyl phenyl ether (NPPC) [12,39,46,54-561 are 
currently the most commonly-used plasticisers. 
The polymeric substance must be insoluble in 
water and chemically compatible with the plasti- 
ciser and the sensing material. Moreover, the 
glassy transition temperature (T,) of the mem- 
brane mixture must be below the working temper- 
ature. Note that the Tg of PVC is + 81°C but it 
falls to - 65°C when mixed with 70% of NPOE. 
However, due to the deleterious effect of the 
surfactants, direct measurements using polymeric 
membrane ISEs still suffer from instability of the 
electrode potential [9]. 
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The first PVC-based ISEs used in surfactant 
titrations were nitrate and calcium ISEs, sensitive 
to AS and AS or CS respectively. However, it can 
be understood that these electrodes suffer from 
many interferences such as bivalent cations (Mg2 + , 
Sr* + ...) for the calcium ISE and anions (Cl- or 
SCN’- ) for the nitrate ISE. As explained above, the 
electrodes are sensitive to the variation of either the 
analyte or the titrant concentration. This explains 
why the nature of the titrant used can greatly 
influence the evolution of the titration. The titrant 
is usually sodium dodecylsulfate or tetra- 
phenylborate for the determination of ASS. It is 
N-benzyl-N&V-dimethyl-N-[4- 1,1,3,3-tetramethyl- 
butyl) - phenoxyethoxyethyl] - ammonium chloride 
(commercial name: Hyamine 1622), cetylpyri- 
dinium chloride or 1,3-dodecyl-2-methyl imida- 
zolium [2,51,57] (commercial name: TEGOtrant 
AlOO; Metrohm) for the determination of CSs. The 
molecule of TEGOtrant Al00 is more hydrophobic 
than Hyamine 1622 (Fig. 3) and its use gives higher 
potential jumps than with Hyamine. Moreover, 
the TEGOtrant permits the detection of alkyl 
sulphates with shorter chain lengths and less 
lipophilic molecules [57]. 

Today, it is possible to find some commercial 
ISEs specifically constructed for surfactant analy- 
sis, e.g. Orion model 93-42 [49,53], ASTEC model 
TSE 01191 [48,51] and, more recently, the 
Metrohm “High Sense Tenside” ISE [2,41,42,51] 
whose sensing part is based on PVC + NPOE + 
an appropriate ionophore. The latter electrode is 

Hyamine 1622 

TEGOtrant Al00 
Fig. 3. Structure of Hyamine 1622 and TEGOtrant AlOO. 

able to work for more than 7 months with a 
relative standard deviation (RSD) of between 0.2 
and 1.3% for ASS [51]. The High Sense Electrode 
is stable over a wide pH range [l - 121 and its use 
permits differentiation between some detergents in 
mixtures simply by changing the pH of the ana- 
lyzed sample [57]. The successful analysis of a 
soap/alkyl sulfonate or amine/quaternary ammo- 
nium mixture has been reported [57]. Another 
important advantage of this electrode is its linear 
response over a large range of surfactant concen- 
tration. Recently, Szczepaniak and co-worker 
[48,50] proposed a mercurated organometallic 
polystyrene (R-Hg-Acetate) as the active sensing 
part in a PVC-ISE for AS determination. The 
plasticiser is a 1: 1 mixture of NPOE and dodecyl 
phthalate. This electrode shows a Nernstian re- 
sponse (59 mV per decade of surfactant concen- 
tration) for many surfactants with response times 
of 10 s and 1 min for 1 x low3 and 1 x lop6 mol 
1 - ’ of SDS respectively. 

Buschmann and co-workers [2,41] have demon- 
strated that a PVC-NPOE-ionophore ISE is 
suitable for the determination of amphoteric (ZS) 
and cationic (CS) surfactants. Amphoteric surfac- 
tants are composed of a hydrophobic chain end- 
ing in two different polar groups, e.g. an amido or 
ammonium group at one site and a carboxylate or 
sulfonate group at the other. At pH < 1.5, the ZS 
reacts as a CS and can be titrated by a bulky 
counter ion such as tetraphenyl borate. Here, the 
ionophore is a TPB- - TPP+ (tetraphenyl phos- 
phate) or a TPB- -CP+ (cetylpyridinium) ion- 
pair [41]. Using this procedure it is possible to 
detect a ZS in the presence of a CS by volumetric 
titration because the potential jumps are signifi- 
cantly distinct, the RSDs being 2 and 7.5% respec- 
tively. 

Non-ionic surfactants (NS) have also been ana- 
lyzed by potentiometric titration. Moody and co- 
workers [54,55] and Buschmann and co-workers 
[41,51] take advantage of the fact that the ethoxy- 
lated part of NSs can be complexed with a biva- 
lent cation such as Ba2 + . The positive complex is 
titrated with TPB -. Jones et al. [54] report a 
detection limit of 1 x 10 - 7 mol 1 --I for Antarox 
880. However, the analysis takes more than 1 h. 
Modified PVC electrodes with functional end 
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groups have also been tested [58,59] but, up to 
now, these probes do not seem to be as effective 
as the others. 

All the described PVC membranes are homoge- 
neous. The sensing material, e.g. an organic anion 
in the case of an electrode sensitive to CSs, is 
dissolved in this membrane. However, homogene- 
ity is not an absolute criterion and an electrode 
sensitive to CSs can be constructed with a carrier 
insoluble in the membrane matrix. A synthetic 
clay, laponite, has been recently used as active 
material for such a membrane. The results ob- 
tained with this configuration are similar to those 
obtained with a “classical” membrane, e.g. a lin- 
ear response of the potential is observed between 
5 x lo-’ mol 1-i and the CMC for dode- 
cyltrimethylammonium with a response time of 1 
s. An extended electrode life time of more than 1 
month is reported [60]. 

2.3. Polymeric-coated wire electrodes 

The titration of surfactants with an ISE having 
no inner solution (Fig. lc), the so-called coated 
wire electrode (CWE), has been performed. In a 
CWE, a metallic or a carbon wire is coated with a 
plasticized polymer/ionophore solution. The elec- 
trode is ready after solvent evaporation. The na- 
ture of the metallic wire may interfere with the 
electrode response if the coating is non-uniform 
[61], and it also has to be chemically inert towards 
the membrane components [45]. Aluminium 
[12,43-45,47,56], graphite [62-641 and platinum 
[9] are commonly used as substrates. CWEs ex- 
hibit interesting properties, they can be machined 
in any shape, and they are characterized by a fast 
response time due to the reduced thickness of the 
membrane layer. They do exhibit, however, a 
shorter life time and a higher potential drift. For 
this reason, CWEs are better applied under hy- 
drodynamic conditions, e.g. in flow-injection anal- 
ysis, where the contact of the sample plug with the 
electrode surface is brief. 

An interesting membrane has been constructed 
by Dowle and co-workers [63-651. It is prepared 
by coating a graphite rod with a PVC solution 
containing tritonyl phosphate (TTP) plus an ap- 
propriate ionophore (0.1%). The latter is tetrade- 

Table 3 
Characteristics of the electrode of Dowle et al. [63] in a 
potentiometric titration 

Linear range (SDS) 
Reproducibility:RSD 
Potential jump 
Response time 
Insensitive to inorganic 

I x lO-2-l x 1OF mol I-’ 
2% for 1 x lop4 mol I-’ SDS 
SO-250 mV 
30 s 

salts 
Not influenced by the 

presence of ethanol 
(max. 20%) 

cylammonium dodecyl sulphate which is sensitive 
to ASS. The characteristics of this electrode are 
summarised in Table 3. This electrode operated 
well in ethanolic solutions (20% v/v) and can be 
used under flow conditions such as in HPLC. 
Later, this CWE was redesigned and integrated 
into a flow-through system [64]. The inner side of 
a graphite tube was coated with the active mem- 
brane. The disadvantages are a relatively poor life 
time and the need to calibrate the electrode sev- 
eral times per day. 

The group of Vytras [43,44] has elaborated a 
CWE able to follow titration of CSs and ZSs by 
TPB -. The addition of Ba* + in the membrane 
permitted titration of NS. Results reported for the 
determination of the mean oxyethylene unit num- 
bers per one TPB - ion are in the same range as 
those obtained by Gallegos [49] using an Orion 
electrode. The electrode appears to be stable for 
more than 7 months of intensive use [44]. 

A recent communication of Lowy et al. [62] 
shows the utilization of heteropolyanions (HPAs) 
for quaternary ammonium titrations. HPAs (CL- 
P,CoMoW,,O,,(H,O)*-) exhibit a high symme- 
try, high stability and are not influenced by the 
presence of inorganic salts, neutral and anionic 
organic molecules (alcohol, acrylonitrile, pro- 
panenitrile). The characteristics of HPAs in sur- 
factant titration are reported in Table 4. 

All of the above-mentioned electrodes are based 
on polymer membranes that dissolve when used in 
organic solvents. Actually, solid state and conven- 
tional polymeric electrodes which do not dissolve 
in mixed aqueous-organic titration systems are 
still needed. 
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3. Amperometry 

The general measuring principle in amperomet- 
ric analysis of surfactants is based on the monitor- 
ing of a faradaic current at an electrode, for a 
selected potential, due to the electrolysis of an 
electroactive species. Usually, the surfactant is not 
electroactive and it is necessary to use an indirect 
amperometric technique. In this case, the solution 
contains a certain amount of an electroactive 
species (a marker) which is oxidized or reduced 
amperometrically at the working electrode. The 
current due to the marker decreases in the pres- 
ence of surfactant, which inhibits the electronic 
transfer at the electrode surface, and the concen- 
tration of surfactant can be related to the magni- 
tude of the current decrease. 

3.1. Indirect amperometric techniques 

Polarographic maximum suppression by a sur- 
face-active substance can be used to determine, at 
a mercury electrode, the concentration of surfac- 
tants in solution. In polarographic measurements, 
faradaic current begins to flow as the electrode 
approaches the reduction or oxidation potential 
of the electroactive species involved. A classical 
polarogram has a sigmoidal shape and the electro- 
chemical process is, at the wave plateau, usually 
controlled by adsorption, diffusion or kinetic 
parameters [66]. However, often, a greater current 
than the limiting current may appear; this is called 
a polarographic maximum. The amplitude of the 
maximum is affected by the presence of surfac- 
tants and it is possible to correlate the amount of 
a surfactant to the decrease of the maximum 
current, i.e. maxima of Hg(I1) or oxygen [67-691. 
The technique of polarographic maxima suppres- 

Table 4 
HPA as CS Want [62] 

Slope 
Linear range (CS) 
Limits of detection of the 

order of 

55-58 mV per decade 
2 x lo@-1 x IO-* mol I-’ 
1 x 10e6 mol I-’ 

RSD lower for HPA than 
for SDS or TPB- 

sion (TPMS) shows, however, limited selectivity. 
Actually, all impurities which are able to be ad- 
sorbed at a given potential on the electrode, such 
as those present in distilled water, in reagent- 
grade chemicals, in mercury, in containers, can be 
a source of interferences [66]. For this reason, the 
analysis of surfactants by the TPMS requires 
preferably one or more separation steps. More- 
over, the experimentation is not always easy to 
perform. If the concentration of the surfactant is 
too high, the polarographic maximum is totally 
suppressed but the polarographic wave may be 
affected as well [66,70]. In fact, the total maxi- 
mum suppression corresponds to a coverage of 
the electrode surface by l/20 or l/l00 of the 
amount able to modify the faradaic process. This 
corresponds to 0.1% coverage of the surface [71]. 
The theory of TPMS can be found in the books 
by Bard [66] or Heyrovsky and Kuta [70]. The 
restricted useful concentration domain plus the 
lack of specificity are the main disadvantages of 
the TPMS and probably explain the limited inter- 
est devoted to this technique. However, the inhibi- 
tion of a faradaic process can be advantageously 
exploited by other techniques. 

The adsorption of a surfactant on the electrode 
surface can be monitored by its influence on the 
voltammetric response of an electroactive species 
at this electrode. For instance, the study of the 
reduction of a metal ion at a hanging mercury 
drop electrode (HMDE) through the adsorbed 
layer can lead to information on the surfactant 
concentration in solution [72]. In a similar ap- 
proach, using a modified graphite working elec- 
trode, Skoog et al. [73] studied ASS, CSs and NSs 
by their influence on the amperometric and cyclic 
voltammetric responses of hexacyanoferrate. In a 
flow system, they noted that the presence of NSs 
has an irreversible blocking effect on the electrode 
response which required tedious surface recondi- 
tioning before further analysis. 

The suppression by a surfactant of the adsorp- 
tive voltammetric response of the nickel- 
dimethylglyoxime complex at an HMDE, a glassy 
carbon mercury-film-coated electrode or a drop- 
ping mercury electrode was also reported [74,75]. 
Here, in contrast to the theory, the current de- 
crease is approximately proportional to the sur- 
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factant concentration. However, the response is 
linear only within a narrow range of surfactant 
concentration: 0.5-3 mg I -I, O-65 mg l- ‘, O- 
300 pug 1-l for linear alkylbenzene sulfonate [74], 
hexadecyltrimethylammonium bromide [75] and 
cetyl pyridinium chloride [75] respectively. With 
the same method, it is possible to analyze both 
types of ionic surfactants. The reported limit of 
detection is 100 ppb for alkybenzene sulfonates. 
Tested in environmental and industrial condi- 
tions, this technique has the drawback of being 
influenced by some interfering materials which are 
also able to be adsorbed [74,75]. The study of the 
inhibition of parahydroquinone oxidation at a 
graphite electrode in the presence of a surfactant 
(phospholipid) was recently reported [76]. A de- 
crease of the oxidation peak is observed by raising 
the surfactant concentration. Phospholipids in 
amniotic fluids were also determined by their inhi- 
bition of the oxygen reduction at the DME [77]. 

3.2. Modl@ed gold electrode 

In commercial formulations, surfactants are 
mixed in matrices which are becoming more and 
more complex. A first separation step is often 
required to eliminate interfering species (e.g. chro- 
matography, BiAS precipitation, etc). For routine 
analysis, however, it is of interest to develop 
techniques which are able to work directly in such 
complex media. A self-assembled monolayer 
(SAM) modified gold electrode may be used for 
this purpose. Recently, Kawaguchi et al. [78] took 
advantage of the perturbation of a lipidic mem- 
brane structure fixed at a gold electrode to elabo- 
rate a new electrochemical assay for surfactants. 
The authors modified the surface of a clean gold 
electrode by chemisorbing a monolayer of alkane 
thiol [78]. The pretreatment of the surface is es- 
sential as it will define the characteristics of the 
SAM electrode [79-821. The cleaning consists of 
polishing the gold surface with alumina or dia- 
mond paste and rinsing with a solvent (water, 
chloroform, ethanol, etc.) [77,79983]. The struc- 
ture of the alkane thiol SAM is quasi-crystalline 
[80,82], the alkyl chains are oriented primarily in 
an all-trans configuration and are nearly close 
packed (a J3xJ3 R30" adlattice forms on 

Au) [79,84]. This monolayer represents a physical 
barrier between the electrode surface and an elec- 
troactive marker in solution (e.g. hexacyanofer- 
rate) (Fig. 4a). The sensitivity of the SAM-Au 
electrode to the redox behaviour of Fe3+ [77], 
Fe(CN),3 - [77,78,85], ferrocene dimethanol [85] 
and Ru(NH,),‘+ [85] marker ions is very poor. 
However, the presence of a surfactant in solution 
will change the organisation of the SAM allowing 
one to observe the electroactivity of the marker 
(Fig. 4b). For instance, no reduction current of 
Fe(CN),3 - ions is detected by cyclic voltammetry 
at an alkylthiol-modified SAM gold electrode 
(Fig. 5a, b) [86]. The introduction of a CS into the 
solution gives an increase of the reduction current 
(Fig. 5~). This current increase is related to the CS 
concentration and can be exploited by amperome- 
try in flow-injection analysis (FIA) (Fig. 6) [86]. A 
linear response is obtained for cetyltrimethylam- 
monium chloride solution (CS) between 5 x 10 - 6 
and 1 x 10 -’ mol l- ’ with a response time of less 
than 2 s. The precise reaction mechanism of the 
observed phenomenon is not yet explained. It 
might be related to the formation of an ion-pair 
between the CS and the redox tracer which could 
diffuse through the monolayer and could be re- 
duced at the gold electrode surface [77]. The 
electrode response is quite selective, i.e. by replac- 
ing CS by AS or NS only a weak baseline current 
decrease is observed. This can be the result of a 
steric effect and/or electrostatic repulsion [77]. 

The advantage of using a gold electrode 
modified with alkane thiol is related to the strong 
covalent bond between gold and the modifier 
sulphur head [87]. Methanol can be present in the 
solution since its presence is not affecting the 
SAM layer and it is possible to perform flow-in- 
jection or HPLC analysis [79]. The SAM electrode 
may be functionalized by judicious selection of 
the thioalkyl modifier allowing improved selectiv- 
ity [85,88-901. 

3.3. Carbon paste electrode 

Recently, other sensor matrices have been in- 
vestigated. Carbon paste electrodes (CPEs) have 
been considered since they are readily modified 
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Fig. 4. Schematic of the alkane thiol SAM gold electrode: (a) in the absence of surfactant; (b) in the presence of surfactant 

and display a very low residual current in a large 
potential range. Kim et al. [91] use ferrocene in 
the CPE as a redox tracer. They report a modifi- 
cation of the redox behaviour in the presence of 
different surfactants. In the presence of sodium 
dodecylsulphate, the oxidation peak current of 
ferrocene is enhanced by a factor of 3.5 [91]. A 
limitation of the technique is its duration since the 
electrode-solution contact time is 1 h. Change in 
the CPE surface area (erosion) is likely to occur in 
the process but clear explanation of the observed 
behaviour is not reported. 

4. Tensammetry 

The determination of electroinactive molecules 
which are surface active can be performed by 
another indirect technique, tensammetry. Tensam- 
metry is the study of the differential capacity-po- 
tential curves and of parameters which are able to 
modify the double layer capacity, such as: 

nature and concentration of an adsorbed spe- 
cies (here surfactant); 

applied electrode potential (corresponding or 
not to the potential of maximum adsorption); 

kinetic parameters (mass transport, adsorption 
rate, stirring, frequency of the superimposed alter- 
native potential, . . .). 

The capacitative curves measured under condi- 
tions of adsorptive equilibrium present, in the 
ideal case, five different potential domains [92]. 
There is one central domain where the capacity 
passes through a minimum value which dimin- 
ishes when the concentration of surfactant in- 
creases (domain III in Fig. 7). This corresponds to 
the maximum of adsorption for one concentra- 
tion. There are two domains (I and IV) at extreme 
potentials where no more adsorption takes place. 
And, between these minimum and maximum po- 
tentials of adsorption, there are two domains (II 
and IV) which are characterized by an increase of 
the capacity with the increase of the surfactant 
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concentration. Cases II, III and IV are of analytical 
interest and the relation between the capacitative 
values and the surfactant concentration depends 
on the type of adsorption isotherm (Henry, Lang- 
muir, . . . ) [92]. It follows that the relation between 
C, and C is complex and depends on the frequency 
of the alternating current used. 

In the ideal case [92] of a HMDE, i.e. where the 
adsorptive parameters (concentration C, charge q, 
interfacial tension y and relative superficial excess 
I) can be determined with good accuracy, the 
differential capacity (C,) can be expressed, at the 
state of adsorption equilibrium, as 

(1) 

and, in the case of the Henry isotherm, the relative 
superficial excess is proportional to the concentra- 
tion 

R.T.I-= B(E),C (2) 

where B is a function of the applied potential and 
C is the concentration of the surfactant [92,93]. By 
combining Eqs. (1) and (2) it appears that the 
differential capacity is thus related to the concen- 
tration of surfactant by a complex relation 

Fig. 5. Cyclic voltammograms of 1 x 10m4 mol I- ’ 
Fe(CN),’ - in 0.1 mol I - ’ KCI. 0.025 mol I ’ acetate buffer 
pH 4.74 and 20% acetone at a bare gold electrode (a), at the 
SAM-modified gold electrode (b) and at the SAM-modified 
gold electrode in the presence of a CS (c). Scan rate 100 mV 

-I s 

Fig. 6. FIA of cetyltrimethylammonium chloride (CTA). Am- 
perometric reduction at a SAM-modified gold electrode (at 0.0 
V vs. Ag/AgCl reference electrode). 20 pi injection of CTA at 
concentrations of (a) 2.5 x 10e6; (b) 2.5 x 10W5; (c) 5 x IOP’; 
(d) I x IO-+‘; (e) 2.5 x IOP4; (f) 5 x 10m4; (g) I x IOW’ mol 
I - ‘. Carrier as in Fig. 5 plus 1 x 10 - 5 mol I ’ hexacyanofer- 
rate. 

C, = cte + ($&)E.&.(z)r (3) 

where cte is equal to @q/aE), and corresponds to 
the value of the capacity for a given coverage. As 
it appears in Eq. (3) C, is directly proportional to 
the surfactant concentration C provided that 

Fig. 7. Typical capacitance-potential curve for an aqueous 
solution of an analyte (-) and for an analyte in the 
presence of a surface-active substance (.‘.). 
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the adsorption phenomenon follows the Henry 
isotherm. In other isotherms, e.g. Langmuir, 
Frumkin, . . . the relationship is much more com- 
plex with no direct relation between C, and C. 

The presence of other compounds which are 
able to be adsorbed on the electrode surface re- 
duces the selectivity and thus the applicability of 
tensammetry. Actually, one or more separation 
steps are necessary in complex sample analysis. 

Bos et al. [94] used a gold electrode covered by 
a mercury film in a flow-injection system to ana- 
lyze ionic and non-ionic surfactant solutions in the 
range 1 x 10-‘-l x 10e4 mol 1-l. Generally, 
they applied a potential of - 0.85 V (vs. Ag/AgCl) 
which corresponds to the analytically interesting 
domain. 

One interesting application is the analysis of 
phospholipids [76] at the HMDE in acetonitrile- 
water-methanol media in the presence of LiCIO, 
as support electrolyte. The Cd-E curves present a 
maximum at - 1.65 V. This corresponds to the 
adsorption of the solvent at the HMDE. The 
diminution of the maximum of capacity at this 
potential with the increase of the concentration of 
phospholipids is the analytical information used to 
determine the quantity of phospholipids in solu- 
tion. The variation of C, with the concentration 
follows a sigmoidal curve. In FIA, a tensammetric 
peak is obtained which is the result of a “tempo- 
rary” substitution of the solvent molecules by the 
phospholipids. The reported detection limit is 
150-400 ng per 20 ~1 injection of phospholipid 
[76]. In their work, Schmidt and Emons [76] distin- 
guish another domain of potential which can be 
used (corresponding to the central domain dis- 
cussed before), but the range of concentration is 
less extended because of the formation of a limited 
superficial excess. 

Szymanski and co-workers [95-991 have devel- 
oped an indirect tensammetry method (ITM). 
Here, the analytical signal is the depreciation of 
the ethyl acetate peak current (at - 13 10 mV) by 
a competitive adsorption of NS at an HMDE. In 
this case, other molecules, i.e. AS, can be adsorbed 
but the authors took advantage of the fact that AS 
cannot be adsorbed at the HMDE if the potential 
is more negative than - 1300 mV. They realised 
their tensammetric measurements from a starting 

potential of - 1400 mV and then scanned anodi- 
tally [95]. A general discussion of mixed adsorp- 
tion problems can be found in the paper by 
Jehring [93]. A single calibration curve, established 
with Triton X-100, can be used for the determina- 
tion of many NSs [95,96]. The response of differ- 
ent NSs are roughly additive [loo]. However, if the 
NS has less than five oxyethylene units, the 
method cannot be employed. Moreover, the re- 
sponse is highly affected by matrix effects. In a 
different strategy, Szymanski and co-workers 
[99,100] developed adsorptive stripping tensamme- 
try (AST). They realised a preconcentration of the 
surfactant, at a required potential, before record- 
ing the tensammetric curves. In this technique, the 
observed tensammetric peak is a desorption peak. 
The results obtained are similar to those obtained 
using the standard bismuth-active substance 
(BiAS) method [101,102]. In a recent paper, Wyr- 
was et al. [98] combined the BiAS-ITM tech- 
niques for the selective determination of NSs 
having 3-30 oxyethylene subunits. An application 
of the ITM for the determination of NSs in surface 
water is given by the authors [103]. The latter also 
improved the BiAs precipitation and washing 
steps allowing better sensitivity (2- 1000 pg of NS 
in the sample) and recovery [ 1041. 

Many other examples of tensammetric (and 
polarographic) analysis of surfactants have been 
described; a good review has been given by Bersier 
and Bersier in 1988 [105]. 

We may also point out that double-layer capac- 
itance measurements have been realised using a 
SAM gold electrode [106,107]. Here the surfactant 
effect is due to a change of the magnitude of the 
electrode inlayer capacity. 

5. Biosensor 

During the last few years, many biosensors 
have been developed for monitoring the fluctua- 
tion of environmental parameters [lo]. In this way, 
a novel bioreactor-type electrochemical sensor for 
the determination of linear alkylbenzene sul- 
fonates (LASS) has been described [lo]. The princi- 
ple of this biosensor is based on the fact that, 
when the LASS are biodegraded by LAS degrad- 
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ing bacteria, their respiratory activity in solution 
increases with concomitant decrease in dissolved 
oxygen. The latter can be followed by an oxygen 
electrode positioned on-line in an appropriate flow 
set-up. Using this novel microbial sensor, a linear 
response up to 6 mg 1 - ’ of LAS can be achieved 
in less than 15 min. Applications to surfactant 
analysis in river pollution are foreseen. 

6. Electrocapillary measurements 

The quantification of a surfactant can be real- 
ized by electrocapillary measurements [108]. In 
the presence of a surfactant, the interfacial tension 
(y) of a mercury drop electrode changes and can 
be estimated by measuring the mercury drop time. 
Thus, the change of the drop time will give, at a 
potential corresponding to the maximum of ad- 
sorption, information about the amount of surfac- 
tant present in solution [108,109]. This kind of 
measurement is difficult to perform because many 
parameters have to be controlled, such as the state 
of the electrode capillary and the adsorption equi- 
librium. The latter can be achieved by convective 
adsorption accumulation. In the ideal case the 
equation relating *J to the drop time (t) can be 
expressed by the equation [109] 

Yx=K.f (4) 
Under standard conditions of capillary internal 
diameter, if the length of the capillary is lower 
than 100 cm, K is also a function of y. The 
superficial excesses (I), which are representative 
of the quantity adsorbed, are functions of the 
concentration and applied potential, and are re- 
lated to the interfacial tension by the equation 

‘K 
In this relation, concentration is equivalent to the 
activity. Electrocapillary mesurements, like all ad- 
sorptive techniques, are subject to interferences by 
other species able to be adsorbed on the mercury 
electrode. Due to these limitations and a tedious 
analysis time, the electrocapillary technique is ap- 
plicable only with difficulty in routine analysis of 
surfactants. However, it is an interesting tool for 
fundamental studies. 
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Abstract 

Critical statements have appeared recently in the literature concerning the need for classical dry ashing in trace 
element analysis of biological materials. In contrast, respected institutions (AOAC, Nordic Committee on Food 
Analysis, etc.) as well as numerous other laboratories have developed, verified, and/or successfully used classical dry 
ashing in practical analyses of a number of materials of biological origin. Hence, it is desirable to find out under 
which conditions the latter decomposition technique yields good and accurate results. Since electroanalytical 
techniques are among the most demanding with regard to the completeness of the biological matrix removal, we 
decided to critically review the literature published after 1978 in which classical dry ashing is combined with some 
version of electroanalytical measurement. It emerged from this review that in particular the charring step requires 
careful performing. When performed well, classical dry ashing leads to complete removal of the organic matrix and 
to accurate analytical results for a number of determined elements. 

Keywords: Classical dry ashing; Stripping voltammetry; Trace element analysis; Biological materials; Literature review 

“A number of sample preparation procedures 
used today have been in use for more than 100 
years. For example, heating samples in open 
beakers over flames or burners, a technique that 
doubtless predates the era of the alchemists, is still 
widely used today, especially when the modern 
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hot plate is added to the list of applicable heating 
sources. However, the experimental conditions 
that prevail in open-beaker digestions are, at best, 
empirical.” [l]. 

“Decomposition of organic matter by dry ash- 
ing is often chosen for its seeming simplicity, 
especially by less experienced working places. 
From the general point of view, the dry ashing 
decomposition is very problematic especially in 
determinations of trace contents of heavy metals. 
. ..Decomposition of organic matter by dry ashing 
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is in no case suitable for determination of mercury, 
selenium, arsenic, lead, cadmium, and zinc.” [2]. 

“For the oxidation of organic materials with air 
or pure oxygen a variety of techniques has been 
established which produce very good results, Dry 
ashing however, though widely used in the past and 
still in use to a certain extent, should be completely 
abandoned from the protocols of trace analysis. 
The experimental parameters are poorly repro- 
ducible and make dry ashing very error prone.” [3]. 

The essentiality of a number of trace elements for 
animal and/or plant organisms has been recognized 
long ago. Other (supposedly non-essential) trace 
elements such as Cd, Pb, or Hg, are also closely 
monitored in various environmental compartments 
including plants and animals in connection with 
growing awareness of their harmful effects as a 
consequence of environmental pollution. A number 
of sensitive analytical techniques has been devel- 
oped and there exists powerful instrumentation 
capable of detecting trace or ultratrace amounts of 
these elements. The majority of these analytical 
methods belong to the group of so-called destruc- 
tive methods, i.e. they require biological samples to 
be solubilized and at the same time mineralized as 
far as possible prior to the measuring step. There 
are at least three good reasons for solubilization 
and mineralization of biological tissues: 

(1) In biological tissues, determined trace ele- 
ments are present in several chemical forms; some 
of them do not give any signal during measurement, 
others give signals of different intensities. Mineral- 
ization transforms the analyte into a single chemi- 
cal form with uniform response. 

(2) Organic components of biological materials 
greatly interfere during measurement in many mea- 
suring techniques. 

(3) Heterogeneity is a typical property of many 
biological materials. The possibility of using a 
larger amount of analyzed sample which, upon 
mineralization, turns into an homogeneous digest, 
helps to overcome this complicating factor. 

In parallel with a great number of measuring 
techniques, there also exists a broad spectrum of 
decomposition methods in trace element analysis of 
biological materials. General evaluation of these 
methods as such is not possible. Other factors, 
namely the analyte(s), the matrix, and the technique 

to be used for measurement must also be taken into 
consideration in such an evaluation. Thus for 
example, pressurized wet digestion with nitric acid 
at temperatures lower than 2OO’C in a number of 
instances was shown to be an inappropriate prepa- 
ration step for anodic stripping voltammetry since 
it frequently leaves an interfering residue of incom- 
pletely degraded organic matrix in (and sometimes 
introduces very resistant nitro forms into) the 
digests [4-81, while for ICP-AES this is a very 
convenient method because chemical interferences 
practically do not exist here due to the very high 
temperature of the inductively-coupled plasma 
which removes all organics present in the digests 
very efficiently. 

Classical dry ashing (i.e., dry ashing performed 
in air, in open vessels, and at atmospheric pressure) 
was, and to a lesser extent still is, one of the 
extensively used and popular means of organic 
matrix destruction in trace element analysis of 
biological materials. Recent criticism, however (see 
the opening quotes of this paper), pointed out 
several fundamental drawbacks of classical dry 
ashing and in a few instances it even requested the 
complete abandonment of this method of sample 
preparation [3]. However, a great number of au- 
thors have successfully used this method and re- 
peatedly furnished accurate results, as demon- 
strated for example in interlaboratory testing of 
candidate certified reference materials. Hence, we 
decided to go through the literature and see in detail 
how successful laboratories proceed when applying 
classical dry ashing as their sample preparation 
step. In this literature survey, we have used the 
following two restrictions. 

(1) In 1979, an excellent monograph by Bock [9] 
was published in which dry ashing, as well as a 
number of other decomposition techniques, was 
thoroughly and critically evaluated and discussed. 
Two years later, an important update review paper 
was published by Sansoni and Panday [lo]. Hence, 
we restricted our literature survey only to papers 
published in 1979 and thereafter. 

(2) From measuring techniques, we have se- 
lected electroanalytical methods. All versions of the 
technique require that the analyzed sample is solu- 
bilizied prior to the measurement. As concerns the 
requirement for complete removal of the 
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organic matrix of biological samples (mineraliza- 
tion), individual versions differ to a large degree. 
In the case of liquid samples such as body liquids, 
just dilution of the sample and addition of suit- 
able detergent without any mineralization is often 
sufficient. The best known example of such a 
procedure is stripping voltammetric determination 
of lead in whole blood according to Morel1 and 
Girvidhar [ll]. The commercially available ASV 
instrument (Model 3010B by Environmental Sci- 
ence Associates, [12]) requires that the blood sam- 
ple be diluted by a factor of 30 into an acidified 
medium containing Ca2+ and Cr3+ among other 
ingredients (Hg*+, Bi3+, EDTA, Triton X-100, cf. 
e.g. Refs. [13, 141). According to Feldman et al. 
[15], this large dilution factor reduces accuracy 
and precision. Morel1 and Girvidhar [l l] used 
only heparinized blood samples which were soni- 
cated for 15 s and 100 nL was then transferred to 
2.9 ml of the Metexchange reagent in a cell. 
Portable stripping analyzers are currently being 
developed in Wang’s laboratory for clinical 
screening of blood lead levels in children; the 
procedure again uses simple sample pre-treatment 
without complete digestion [16]. According to 
Ostapczuk [17], for determination of lead and 
cadmium in blood by potentiometric stripping 
analysis it is even sufficient to dilute the blood 
sample with an appropriate supporting electrolyte 
(0.5 mol L- ’ HCl), avoiding the use of any com- 
plexing agent, detergent, or other ingredients. 
Thus, this version of the electroanalytical measur- 
ing technique seems to be the least sensitive to the 
presence of small amounts or organic constituents 
during the steps of lead plating and dissolution. 

For solid biological samples, digestion of the 
sample is very often necessary prior to electroana- 
lytical determination [18]. However, here also in 
several instances mere solubilization of solid tissue 
with suitable detergent was demonstrated to be 
sufficient. An alcoholic solution of tetramethylam- 
monium hydroxide is the detergent of choice for 
solubilization of solid animal and human tissues 
in atomic absorption and emission spectrometry 
(e.g. Refs. [19, 201). In stripping voltammetry, a 
broader spectrum of detergents has been applied. 
Thus, benzyltrimethylammonium methoxide was 
used for Zn determination in SRMs bovine liver 

and oyster tissue [21], and 2,5-dimercapto-1,3,4- 
thiadiazole was used as a ligand in adsorptive 
stripping voltammetry for Cd, Zn, Ni, As, Al and 
Se determination in SRMs oyster tissue and 
spinach [22, 231. Wahdat et al. [24] used sodium 
dodecyl sulphate for Cd, Pb and Cu determina- 
tion in muscle, fish and blood. In this case, prior 
to stripping the original sample solution was re- 
placed by another electrolyte (diluted HCl). With- 
out medium exchange, the voltammograms 
exhibited undesirable adsorption peaks caused by 
organic compounds present in the solution. 

Various sample treatments and stripping modes 
for the determination of trace elements in blood, 
urine and solid biological samples have been sum- 
marized and discussed by Wang [25]. 

It can be concluded from the voluminous litera- 
ture that, in instances when the biological material 
is mineralized, the remnants of the organic matrix 
and its degradation products must be completely 
removed from the digest prior to anodic stripping 
measurements. Hence, for the estimation of the 
mineralization efficiency of various decomposition 
techniques, anodic stripping voltammetry is very 
suitable. 

Of the total of 35 papers which we found in the 
above survey, 20 ([26-451) more or less differed 
from each other. Of the remaining 15 papers 
([46-60]), one of the procedures published in the 
former group of papers was repeated. Ten 
parameters have been selected which give detailed 
insight into the proper procedure: M, analyzed 
material; A, sample weight; B, ashing aid (if ap- 
plied before charring); C, temperature + time 
regime of charring; D, temperature + time regime 
of ashing; E, ashing aid (if applied after ashing); 
F, repeated ashing with ashing aid (if the latter 
was added after ashing); G, ash leaching; H, 
elements determined electrochemically; QA/QC, 
quality assurance/quality control system. 

Table 1 gives details of classical dry ashing 
decomposition which were used in the more or 
less independent procedures published in Refs. 
[26-451. In Table 2 frequencies and values of the 
chosen parameters from all 35 reviewed papers 
(i.e. from Refs. [26-451 given in Table 1 as well as 
from Refs. [46-601 in which some of the previous 
procedures were repeated) are summarized. The 
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Details of classical dry ashing procedure used before determination of given elements in biological materials by electrochemical 
method. (Key: M, material; A, weight of sample; B, ashing aid before charring; C, temperature program of charring; D, final 
temperature + time of ashing; E, ashing aid after ashing; F, additional ashing; G, ash leaching; H, elements determined by 
electrochemical method; QA/QC, quality assurance/quality control system applied; ? not mentioned; - not used) 

Ref. Country Code Procedure 

21 USA M 
Method AOAC, A 
1982 B 

C 

28 USA M 
A 
B 
C 
D 
E 
F 
G 

LQC 

29 USA M 
A 
B 
C 
D 
E 
F 

30 USA M 
A 
B 
C 
D 

26 USA M 

A,W 
C 
D-G 

LVQC 

D 
E 
F 
G 

&/QC 

G 

LQC 

sludge, plant, animal 
‘I 

415°C 
? 
Cd, Cu, Pb, Zn 
no 

animal, plant, food 
5-10 g 
5 ml K,SO,, evap. in the oven (120°C) 
cold furnace, set 500-55O”C, avoid excessive 

overshooting of temperature 
50&55O”C, >4 h (may be ashed overnight) 
2 ml HNO, (if ash contains carbon) 
500°C 30 min. (repeat E,F until white ash) 
I ml HNO,, IO ml H,O, hotplate (if necessary) 

H,O to 50 ml, do not filter 
Cd, Pb 

food (canned) 
5510 g 

furnace, 200°C slowly increase up to 500°C 
500°C overnight 
1 ml Ha0 
furnace 2OO”C, gently up to 5OO”C, then overnight 
1 ml H,O, 2 ml HCI (1 + 1), filtration, H,O, 25 ml 
Pb 

yes 

plant, food 
l-3 g 
3-4 ml 40% HaSO, + 3-4 ml H,O, furnace 115”C, 3 h 
furnace, lh up to 275’C, then 3 h; 2 h up to 500°C 
500°C for 8-20 h (depending on sample type) 
1 ml HNO, + 0.5 ml H,O, hotplate, evap. to dryness 
furnace 200°C then 45O“C for 30 min. (repeat, if 

necessary) 
dissolve in 1 ml HNO, + 5 ml H,O, H,O to 25 ml 
Cd, Pb 

yes 

food 
5-10 g 
5 ml 10% K,SO, or 20% MgSO, 
cold furnace, slowly bring temp. up to 500-550°C 
500655O”C, overnight 
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31 
Method of 
Adeloju 
et al.. 1984 

32 

33 
Method of 
Locatelli, 
1984 

34 

E 
F 
G 

&VQC 

Australia M 
A 

B, 
Bz 
B, 
C, 
C 23 

D, 
“2 

D3 
E, F 
G 

LQC 

Australia M 
A 
B 
C 
D 

E, F 
G 

:A:QC 

Italy M 
A 

B, C 
D 
E 

F 
G 

&WC 

Germany M 
A 

B, C 
D 

E, F 
G 

%VQC 

5 ml H,O + 2 ml HNO, cont. (if a carbon residue remains) 
re-ash for 30 min. at 300°C 
HNO, + Hz0 (25 ml) 
Pb 
no 

animal 
0.5 g 
- 

5 ml 20% H2S0, 
5 ml 5% HNO, 

water bath for 3 h, then hotplate, heat until white fumes 
created (or dryness) 

450 or SOO”C, overnight 
500°C overnight 
450°C overnight 

5 ml 5% HNO, or 5 ml 2.5% HCI, Hz0 to 10 ml 
Cd, Pb 

yes 

animal, plant 
0.5 g, silica dish 

hotplate, gently 30-60 min, then furnace, 450°C 
450°C 8 h or overnight 

3 ml of 6 M HCI, hotplate, Hz0 to IO ml 
Co, Ni 

yes 

plant 
0.5 g, Pt crucible 
- 

500°C 2 h 
10 drops of H,O + 3 ml HNO, (]:I) hotplate, evap. at 

120°C 
500°C. I h 
2 ml I M HCIO,, to 50 ml 
Cd, Cu, Fe, Mn, Pb, Zn 

yes 

animal, plant, food 
I-IO g 
- 

furnace, 580-780°C 12-16 h 
- 

0.2-0.5 ml cont. HCI, H,O to IO-20 ml 
Co, Ni 

yes 
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36 

37 Netherlands M 
Method of A 
RIKILT, 1986 B 

D 
E 
F 
G 

: AlQC 

38 

39 

35 Czech Republic M 
A 
B 
C 
D 
E 
F 
G 

&VW 

Netherlands M, 

M2 
A 
B 
C 
D 
E 
F 
G 

:A/QC 

Netherlands M 
A 
B 
C 
D 
E 
F 
G 

;A/QC 

Netherlands M 

A,B 
C 
D 
E 
F 
G 

: A:QC 

animal 
l-2 g 
- 

furnace, 1 h 2OO”C, 1 h 3OO”C, 1 h 400°C 
5OO”C, overnight (16 h) 
1 ml cont. HNO, 
5OO”C, 1 h 
7 ml 1% HNO, 
Cd, Pb 

yes 

feed 
food, animal 
feed 5g, milk 25 g f.w., blood + tissues 1 g d.m. 
- 

furnace, 50°C per 1 h 
45O”C, 16 h 
HNO, + H,O (1:l) or 0.1 mol. I ’ Mg(NO,)* 
450°C until white ash was obtained 
M,:l5 ml 3 M HCI, then to 100 ml flask, add 20 ml citrate buffer (pH 

8.5) and 10 ml sat. NaCl 
Mz:0.5 ml HCI (12 M) + 5 ml H,O + 5 ml acetate buffer (pH 3.5) 
Cd, Pb 
no 

animal, feed 

Ig 
2.5 ml 65% HNO, + 2.5 ml 10% Mg(NO,), furnace, 50°C h- ‘, up to 

450°C 
450°C. 8-9 h 
1 ml 65% HNO 
450°C. 30 min, iepeat E,F until white ash 
0.5 ml 30% HCl + 4.5 ml HzO, stirring 
Cd, Pb 
no 

animal 
5 g f.w. 
1 ml 70% HNO? + I ml 25% Mg(NO,), 
furnace, slowly from 150 up to 450°C 
45O”C, overnight 
I ml 70% HNO, 
45O”C, Ih 
0.5 ml 37% HCl, then 5 ml H,O, gently heat on the hotplate 
Cd, Pb 
no 

plant, soil 
? 
quartz, stepwise up to 450°C 
450°C 

HNO, 
until white ash 
3 M HCl 
Cd, Pb 

yes 
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41 

43 

44 

45 

Ref. 

40 

Country Code 

Czech Republic M 
A 
B 
C 

Procedure 

animal 
Ig 

220°C I h, 280°C I h, 340°C 1 h, 390°C I h (hotplate); 350°C 30 min. 

D 
E 
F 
G 

&WC 

400°C 30 min. (muffle furnace) 
500°C 16 h (muffle furnace) 
1 ml cont. HNO, 
1 h 500°C 
10 ml 1.5% HNO, 
Cd, Pb 
yes 

Czech Republic M 
A 
B 
C 
D-F 
G 

i&C 

food 
3 

&W,h 
furnace, max. 480°C 
‘I 
dil. HNO, 
Cd, Pb 
no 

42 Czech Republic M 
Standard CSFR A 
Procedure B 
t:SN 56 0065 C 
etrective D 
from 1987 E 

F 
G 

;A:QC 

food 
5--20 g f.w. 
2 ml 5% Mg(NO,)Z, evaporate to dryness 
burner, IR lamp, or electrical heater 
cold furnace, grandually up to 45O”C, until white ash 
I ml HNO, 
cold furnace, gradually up to 45O”C, then 30 min 
0.1 M HCI 
Cd, Pb 
no 

Poland M 
A 
B. C 
D 
E 
F 
G 

; A/QC 

plant, food 
0.3 g, quartz crucible 

muffle furnace, 550°C. 2-3 h 
0.1-0.2 ml H,O, 
55OT, 2-3 h 
0.5 ml 0.4 M HNO,, water to IO ml 
Cd. Cu, Pb. Zn 

USA M 
A 
B 
C 
D 
L F 
G 

kVQC 

ash, ash-soil mixture, ptant, animal 
5slog 
5 ml IO’%) K SO 
cold furnace: set4temp. at 450°C 
450°C overnight 

HNO, 
Cd 
IlO 

Netherlands M food 
A 1 g, quartz crucible 
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Ref. Country Code Procedure 

B 2X3 ml H,O. 2 ml H$O, (20%) 
c hotplate, evap. SO,, then muffle furnace (increase of temp. 

50°C h-l), at 300°C prolongation for 2 h, then 50°C 
h-’ up to 500°C 

D SOOT, 6 h 
E I ml HzO, I ml cont. HNO, (if ash contains carbon) 
F hotplate, muffle furnaces 350°C increase of temp. 50°C h-’ 

up to 500°C. then 30 min 
G 0.5 ml cont. HCI + 1 ml H,O, water to 10 ml 

;A:QC 

Cd, Pb 

yes 

following conclusions can be drawn as to how 
classical dry ashing should be performed in order 
to yield good results. 

(A) With one exception, the dry weight of the 
sample did not fall below 0.5 g, it mostly being 
between 1 and 5 g. The possibility to utilize 
relatively large amounts of biological material in 
classical dry ashing helps to overcome the hetero- 
geneity of the analyzed material, and also results 
in increased concentrations of the analytes in the 
digest. 

(B) An ashing aid was applied before charring 
in -50% of cases. When applied at this stage, it 
was almost exclusively in the form of a salt. 
H,SO, used in five cases served not to increase the 
oxidation power but to bind analytes (especially 
Pb) into the less volatile chemical form. Magne- 
sium nitrate, sometimes combined with nitric acid, 
was the reagent of choice. 

(C) Charring is the most critical step of classi- 
cal dry ashing. Slow continual or stepwise in- 
crease of temperature during charring is 
considered to be very important. 

(D) Nobody ashes above 550°C and even 
550°C is something of an exception. The most 
frequently used ashing temperature is 450°C or 
500°C. (In Ref. [34], where 580°C to 780°C ashing 
temperatures were used, only Co and Ni have 
been determined and the risk of losses due to 
volatilization at higher temperatures is not ques- 
tioned.) Ashing time is rarely shorter than 8 h, the 
majority of laboratories ash overnight (16 h). 

(E) In instances when an ashing aid was ap- 
plied only after ashing, it was almost exclusively 
nitric acid. Since the ash of most biological mate- 
rials contains several units to several tens of per- 
cent carbonates, nitrates are formed in situ after 
adding nitric acid to the ash. Additional ashing is 
then in fact melting with nitrates and should help 
to remove the most resistant degradation products 
of the organic matrix of biological samples. 

(F) The temperature of additional ashing is 
again most often 450°C or 500°C and the time of 
additional ashing is 30 min to 1 h. 

(G) In about half of the cases, diluted hy- 
drochloric acid and in the other half, diluted nitric 
acid are the favorite leaching media. Anodic strip- 
ping voltammetry (ASV) works well with both 
acids, HCi solutions yielding somewhat higher 
differential pulse (DP) peaks and higher repro- 
ducibility [3 11. 

(H) The spectrum of determined elements 
reflects those elements which are more or less 
easily determined by electroanalytical techniques. 
Lead and cadmium by far exceed all the rest. 

(QA/QC) Two-thirds of the reviewed papers 
[26-601 applied some form of quality assurance/ 
quality control (reference material, round-robin 
test, recovery test, independent method). Seven of 
them (Refs. [40,50,51,53,54,58,59]) used two such 
forms simultaneously, while 12 papers (Refs. 
[26,30,36-39,41,42,44,48,57,60]) do not mention 
any such support of their analytical data. 
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Table 2 
Summary of the dry ashing methods reported in Refs. [26-601 (f.w. = fresh weight) 

M (material) 
animal = 15 x 
plant=13x 
food = 16x 
feed = 3 x 
sludge = 1 x 
soil = 2 x 

A (sample weight) 
not mentioned = 4 x 
0.3 g=4x 
0.5 g= I x 
1.0 g=9x 
l-2g=lx 
l-3g=lx 
5.0 g = 2 x 
l-10 g= 1 x 
10.0 g = 3 x 
5510 g=4x 
5520 g f.w. = 1 x 
5 g f.w. = 3 x 
25 g f.w. = 2 x 

B (ashing aid before charring) 
not mentioned = 3 x 
not used = 11 x 
HNO, only = 1 x 
H,SO, only = 3 x 
H,O + H,SO, = 2 x 
HNO, + M&NO& = 7 x 
MgPW, = 4 x 
sulphate (K, Mg) = 6 x 

F (additional ashing) 
not used = 5 x 

Temperature: 
not mentioned = 6 x 
300°C = 1 x 
450°C = I1 x 
5OO”C= 11 x 
550°C = I x 

Time: 
not mentioned = 5 x 
30 min= 15x 
1 h=6x 
2-3 h=lx 
overnight = I x 
until white ash = 2 x 

C (temperature program of charring) 
not mentioned = 1 x 
not used = 9 x 
one or more prolongations = 5 x 
slow continuous increase = 20 x 
fast increase = I x 

D (final temperature + time of ashing) 
Temperature: 
45O”C= 15x 
475°C = I x 
480°C = I x 
450&500°C = 1 x 
500°C = 12x 
500-550”c = 5 x 
550°C = I x 
580&78O”C = 1 x 

Time: 
not mentioned = 6 x 
2 h=2x 

2-3 h=lx 
6h=lx 
8-9 h=6x 
16 h= 14x 
12-16 h= 1 x 
8-20h=lx 
until white ash = 3 x 

E (ashing aid after ashing) 
not mentioned = 4 x 
not used = 5 x 
H,O=lx 
HNO, = 24 x 
H,O,=lx 

Mg(NW, = 1 x 

G (ash leaching) 
not mentioned = 2 x 
HCl= 17x 
HNO,= 15x 
HClO, = 2 x 
HCI buffer = 2 x 

H (elements determined) 
Pb=30x 
Cd=28x 
cu=sx 
Zn=5x 
Ni=3x 
co=3x 
Fe=2x 
Mn=Zx 
Se=lx 

QAIQC 
not mentioned = 12 x 
RM= 17x 
Round robin test = 3 x 
Recovery test = 9 x 
Independent method = 1 x 
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Below, we discuss in more detail several publica- 
tions in which various modifications of classical 
dry ashing were methodologically tested, while the 
electroanalytical technique was selected to be a 
measuring step. 

At the 95th Annual Meeting of the AOAC 
(October 19-22, 1981), a special symposium was 
held on “Analytical Methodology for Lead in 
Foods”. Results of this symposium were presented 
in J. Assoc. Off. Anal. Chem., 65(4) (1982). Here, 
the results of a collaboration study of classical dry 
ashing and differential pulse anodic stripping 
voltammetry for lead and cadmium determination 
in foods were also presented by Capar et al. [27]. 
The procedure described schematically in Table 1 
of Ref. [27] forms the basis of the AOAC method 
of classical dry ashing combined with voltamme- 
try, which was published in 1984 in the 14th 
edition of Ojjicial Methods of Analysis [61] and 
reprinted virtually without change in 1990 and 
1995 in the 15th and 16th editions [62]. It has been 
routinely used during the period (e.g. in Refs. 
[46,48,52,55,58]). In the AOAC procedure a con- 
trollable hotplate is used, but only for drying the 
samples after adding concentrated HNO, as an 
ashing aid. It was also found useful to carry out 
the ash leaching step (with diluted HNO,) on the 
hotplate. The charring step is performed entirely 
in the muffle furnace. The procedure has been 
verified [27] for green beans, beef, fish, dried milk, 
apple juice, and cereals. 

In 1984, Adeloju et al. [31] used very resistant 
liver tissue (Bovine Liver NBS 1577) and com- 
pared direct dry ashing without any ashing aid 
with two versions in which either nitric or sulfuric 
acid were used as an ashing aid; in both cases, they 
were applied before the charring step. (Magnesium 
nitrate was not tested “because purification of this 
reagent is often necessary for accurate determina- 
tion of trace elements” [31].) Details of decompo- 
sition procedures are given in Table 1 of Ref. [31]. 
A controllable hotplate has been used for drying 
samples. Charring (or at least a substantial part of 
it, see below) and ashing were performed in a 
muffle furnace, and the ashing temperature was 
either 450°C or 500°C. Ashing was done 
overnight. As an ash leaching reagent either dilute 
nitric or dilute hydrochloric acid was used. Ash 
leaching was supported by heating on a water 

bath. Reproducibility of the three dry ashing 
methods considered was excellent. Comparison 
with the certified values for Cd and Pb suggests 
that the method with sulfuric acid as ashing aid is 
superior. For ash leaching, the authors prefer 
dilute HCl over dilute nitric acid since it gives 
more reproducible results, and also somewhat 
higher sensitivity. 

In 1989, Adeloju [63] considerably extended a 
previous investigation [31] from 1984 by also in- 
cluding magnesium nitrate as an ashing aid, and 
comparing all four procedures above with three 
versions of wet digestion. The spectrum of voltam- 
metrically determined elements was considerably 
extended as well (besides Cd and Pb also As, Bi, 
Co, Cu, Ni, Se, V, and Zn). One plant and three 
animal standard reference materials from IAEA 
and NBS were used in this study. All four modifi- 
cations of classical dry ashing were found to be 
suitable the only problem being an increased blank 
level when an ashing aid was applied. As a conse- 
quence, direct dry ashing without an ashing aid is 
preferred except for As and Se determination; 
here, Mg(NO,), as an ashing aid is necessary. 

In 1987, Stryjewska et al. [64] published a statis- 
tical estimation of the influence of mineralization 
methods including classical dry ashing (0.5 g sam- 
ple, 450°C for 2 h, H,Oz as ashing aid, additional 
ashing at 450°C for 1 h, HN03 for ash leaching), 
wet digestion, and pressurized wet digestion, on 
the results of heavy metals determination in cere- 
als by the DPASV method. Dry ashing gave 
satisfactory results. 

Since atomic absorption spectrometry (AAS) 
and inductively-coupled plasma atomic emission 
spectrometry (ICP-AES) are today by far the most 
frequently used measuring techniques in trace ele- 
ment analysis of biological materials, we also 
include brief discussion of several papers in which 
classical dry ashing in combination with AAS or 
ICP was used. 

In 1984, Muys [65] described a procedure in 
which 1 - 5 g of sample was weighed into a quartz 
dish and 5 ml of magnesium nitrate solution 
added. After drying on a hotplate by gently raising 
the temperature, the samples were placed in the 
muffle furnace where stepwise charring was per- 
formed (2 h at 150°C 2 h at 250°C 3 h at 
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350°C). Ashing took place for 6 h at 450°C. If 
necessary, 1 ml of 65% nitric acid was then applied 
as another ashing aid, dried on a hotplate and 
reashed for 30 min at 350°C. For ash leaching, 1 
ml of water and 5 ml of 65% nitric acid were added 
and the mixture was heated for a few minutes on 
a hotplate, and then rinsed with 25 ml of deminer- 
alized water into a 50 ml polyethylene bottle. Cd 
and Pb were then determined by ETA-AAS. The 
method was found to give accurate results for 
chicken meat, eggs, milk powder, fish products, 
bread, vegetables, and animal feedstuffs. 

In 1986, Friel and Nguyen [66] described classi- 
cal dry ashing of hair which gave good results for 
Cu, Mn, and Zn when flame (Cu,Zn) or flameless 
(Mn) AAS was used. Hair samples were ashed in 
a muffle furnace for 12 h at 450°C after oven-dry- 
ing at 250°C for 2 h. After they had cooled for 1 
h, five drops of concentrated nitric acid were added 
and samples were returned to the muffle furnace, 
where they were heated at 250°C for an additional 
8 h. Dilute HNO, was used for ash leaching. 

In 1988, Miller-Ihli [67] compared four methods 
(wet ashing, dry ashing, microwave dissolution, 
direct solid analysis), all with the NBS SRM 1577 
Bovine Liver. She used magnesium nitrate as an 
ashing aid in dry ashing and applied it before 
charring. The latter was performed in a muffle 
furnace under the following regime: lOO”C, 1 h; 
150°C 1 h; 200°C 1 h; 250°C 1 h. Ashing 
temperature and time were 450°C and overnight 
respectively. For ash leaching, 5% HNO, was used. 
All sample preparation methods provided accurate 
analytical data for the four elements (Cu, Fe, Mn, 
Zn) determined. 

For ICP-AES we will mention one paper which 
is according to our opinion of fundamental impor- 
tance (considerable parts of it were reprinted in 
van Loon’s monograph [68]). In 1983, de Boer and 
Maessen [69] compared classical dry ashing of the 
NBS SRM 1577 Bovine Liver (1 g sample in 
quartz beaker, cold muffle furnace, temperature 
increase 50°C hh’ until 520°C then ashing for 
14 h, ash dissolved in 30% HCl, dilution and 
filtration) with six other procedures: low tempera- 
ture ashing in oxygen plasma; two direct ap- 
proaches (extraction with dilute HNO,; 
solubilization with tetramethylammonium hydrox- 

ide); and three acid digestions (HNO, + 
HClO, in microwave oven; H,Oa + H,SO,; HNO, 
in Teflon-lined steel bomb). According to these 
authors, “muffle furnace ashing yielded accurate 
and precise results for Mn, Zn, Cd, and Pb. The 
principle source of error associated with this pro- 
cedure is the loss of analytes by evaporation or by 
retention. Systematic error can be avoided or 
reduced by application of an experimentally well 
established temperature-time regime and by care- 
ful selection of the crucible material. The use of 
sulfuric acid for avoiding losses of the volatile 
elements Cd and Pb appeared to be superfluous. 
Small retention losses were observed for Cu and 
Fe.“. 

As follows from the above, the majority of 
laboratories which use classical dry ashing have 
applied an ashing aid (either before charing, or 
after ashing), and many of them also felt that the 
charring step should be performed with special 
care. The ashing aid serves more purposes than 
just to increase the oxidizing power which facili- 
tates decomposition. It can transform the analyte 
into the less volatile form (e.g. Pb and sulfuric acid 
or sulfate), suppress the interaction between the 
analyte and reaction vessel walls (salts which form 
voluminous ash), or can also act mechanically 
(water drops which help to destroy the crust on the 
top of the ashed sample which hinders the ap- 
proach of oxygen to the lower layers). Moderation 
of charring is realized by slow continuous or 
stepwise increase of temperature in the muffle 
furnace with extended prolongations at individual 
temperatures. All four above-quoted AAS papers 
[65-67,691 used only HNO, (mostly dilute) for ash 
leaching, obviously to avoid the well-known inter- 
ferences by halides during the AAS measurement. 
In contrast, the ICP work [69] used HCl as an ash 
leaching medium (the chemical interferences prac- 
tically do not exist during the ICP-AES measure- 
ment). 

Our own practical experience with classical dry 
ashing began in 1983 with platinum dishes as 
reaction vessels, a sand bath for drying, and a 
muffle furnace for both charring and ashing. Since 
at that time we had at our disposal only electroan- 
alytical instrumentation for measurement, we of- 
ten ran into the problem of severe interferences 
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caused by the incompletely destroyed organic ma- 
trix of biological samples [70,71]. Replacement of 
Pt dishes with borosilicate glass Simax beakers and 
introduction of a stepwise increase of temperature 
in the muffle furnace during charring plus HNO, 
as an ashing aid (applied after ashing) in 1984 lead 
to considerable improvement in efficacy of decom- 
position in many cases (e.g. muscle and kidney 
[35]) but definitive solution of all the problems 
came only in 1985 when we decided to totally 
remove the charring step from the muffle furnace 
and transfer it instead to a hotplate located in a 
fume hood. A specially designed hotplate has been 
prepared and tested (for photographic documenta- 
tion see Ref. [72]) and a standard operation proce- 
dure SOP-l (cf. e.g. Ref. [73]) developed for soft 
animal tissues. The latter procedure was later 
gradually slightly modified in various steps to be 
optimized for decomposition of a number of other 
materials of biological origin (higher plants, yeast, 
green and blue-green algae, gelatine, meat-bone 
meals, various body liquids, sugar and sugar-con- 
taining foods, egg white and egg yolk, sewage 
sludge, etc.). The procedure has been tested by a 
number of quality control protocols. The facts that 
(i) all our laboratory means submitted so far in 
interlaboratory trials have been accepted [74]; (ii) 
analyses of many foreign (NBS/NIST, IAEA, 
BCR, etc.) biological RMs which were performed 
as a part of the quality assurance/quality control 
system of our Trace Element Laboratory repeat- 
edly yielded results which agreed well with certified 
or recommended values for which the determined 
elements; as well as (iii) our continually good 
performance in external quality controls of our 
laboratory lead us to the conclusion that the 
introduction of the hotplate into the classical dry 
ashing procedure and adaptation of the details of 
the time-temperature program of charring to indi- 
vidual types of decomposed biological materials is 
a fundamental contribution which brings about 
dramatic improvement in its whole performance. 
In this connection it was of our great interest to 
learn at the end of 1992 about the standard 
operation procedure developed recently by the 
Nordic Committee for Food Analysis for determi- 
nation of metals in foodstuffs by AAS [75]. Classi- 
cal dry ashing is the only recommended procedure 

for sample decomposition here, and it has two 
versions, depending on the availability of a pro- 
grammable muffle furnace in the user’s laboratory. 
If only an ordinary muffle furnace is available 
(which is still often the case), charring is performed 
on a hotplate, using a regime which is almost 
identical to that which we arrived at a few years 
earlier. With a programmable muffle furnace, both 
charring and ashing are done in the furnace, using 
a carefully selected time-temperature program. 
There are, however, cases when even laboratories 
which possess a programmable muffle furnace are 
strongly advised to pre-ash samples on a hotplate. 
Two mineral acids are used in the procedure: 6 mol 
l- ’ hydrochloric acid as an ashing aid applied after 
ashing, and 0.1 mol l- ’ nitric acid for leaching. The 
reliability of the method has been tested by collab- 
orative study with 16 participating laboratories. It 
has been verified for the elements Cd, Cr, Cu, Fe, 
Ni, Pb, and Zn and recommended for their deter- 
mination in all kinds of food products by AAS; it 
has also been used for the determination of Ca, Co, 
K, Mg, Mn, and Na. 

All the above facts lead to the conclusion that 
classical dry ashing can perform well, if it is done 
well. Well-performed classical dry ashing requires 
in particular careful and moderate performance of 
the charring step. The words of deBoer and 
Maessen [69] deserve repetition at this time: “Sys- 
tematic error [of classical dry ashing] can be 
avoided or reduced by application of an experi- 
mentally well established temperature- time 
regime...“. 

Pikhart [2] unfortunately disqualified himself 
from obtaining good results even before he begun 
his investigation. His extraordinarily high selected 
ashing temperature of 800°C and complete neglect 
of the need to moderate the charring step pre- 
vented him from being successful. 

Even the experimentally well-established proce- 
dures of classical dry ashing largely lack an exact 
and objective interpretation in physico-chemical 
terms. Hence, Boardman [l] is right when he calls 
for greater elucidation of so far mostly empirically 
established procedures of classical dry ashing. We 
fully agree with this need and have performed a 
separate study [72] in which we studied how classi- 
cal dry ashing actually proceeds in terms of dynam- 
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its and chemistry of organic matrix degradation. 
Results revealed the strong exothermic character of 
decomposition during charring and great variabil- 
ity depending on the individual type of biological 
material. The former finding calls for sufficient 
moderation of the charring step in order to prevent 
local overheating of the sample and subsequent 
risk of loss of part of the analyte due to its 
mechanical removal from the sample in the form 
of solid particles of smoke. The latter finding 
explains why the time-temperature program for 
charring must be optimized for each type of biolog- 
ical material which is to be decomposed by dry 
ashing. Under the controlled conditions, classical 
dry ashing has the potential to yield accurate 
results. 

As with every method, classical dry ashing, 
besides its advantages, also has limitations which 
have to be respected. Comparison of various de- 
composition techniques including classical dry ash- 
ing has been done many times (see e.g. Refs. 
[9,10,72,76-851) and it is not the purpose of this 
paper to repeat what has been already said. What 
we cannot accept, however, is the attempt to create 
suspicion that classical dry ashing cannot give 
good analytical results under any circumstances. It 
is obvious from the above text that the statement 
[3] that classical dry ashing should be completely 
abandoned from the protocols of trace analysis is 
more of a wish than an actual need and it may well 
be that such statements should be removed from 
the scientific literature. 
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Abstract 

This paper describes an improvement in detection capability of microwave plasma torch atomic emission 
spectrometry by using a flow-injection on-line column preconcentration system. The analytical performances of Cd, 
Cu, Mn and Zn were studied. The analytes were preconcentrated with a thiol resin. The preconcentration period, the 
pH of the sample solution and the HCl concentration in the eluant were examined in detail. Operating conditions 
were optimized as follows: sample uptake, 1.2 ml min - ‘; preconcentration period, 1 min; pH of sample solution, 9; 
HCI concentration in the eluant, 1 mol 1~ I. The experimental results show that flow-injection on-line column 
preconcentration can not only eliminate the effect of some concomitant elements, such as Li, Na and K, on the 
determination of analyte, but also enhance the sensitivity. 

Keywords: Flow-injection; Preconcentration; Microwave plasma torch AES 

1. Introduction 

Microwave induced plasma (MIP) has been of 
interest as an excitation source for atomic emis- 
sion spectrometry (AES) because it is a powerful 
emission source for a wide range of elements, and 
inexpensive and easy to operate. One of the major 
limitations of MIP for AES is its low tolerance to 
the introduction of aqueous sample. To perform 
aqueous sample analysis, the amount of water 
vapor entering the MIP must be restricted 
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through desolvation, or the power applied to the 
discharge must be increased. A low power applied 
to the microwave discharge does not provide suffi- 
cient energy to desolvate, atomize and excite the 
analyte for a large aqueous loading. However, a 
higher applied power can result in plasma device 
heating and microwave leakage. Therefore a wa- 
ter-cooled plasma device must be used [l]. An- 
other approach to solving this problem is to 
improve the plasma device. Okamoto and co- 
workers [2,3] reported a circularly polarized 
wave mode cavity that facilitates the production 
of a high power ( > 1 kW) annular atmos- 
pheric pressure plasma. The microwave plasma 
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torch (MPT) developed by Jin et al. [4] showed 
great promise for direct solution analysis. Since 
the plasma obtained with the MPT has a central 
channel and the analyte is forced to pass through 
the central channel, the analyte is efficiently 
vaporized, atomized, excited and ionized and 
causes minimal perturbation to the plasma. 
Matusiewicz [5] reported a new microwave cavity 
assembly: an integrated microwave plasma cavity/ 
magnetron combination (MPCM). The introduc- 
tion of wet aerosols can be accomplished by 
using direct nebulization with no desolvation sys- 
tem. Ng and Chen [6] used a dual, low-powered 
(~200 W total power) MIP system for direct 
liquid aerosol introduction. The MIPS are sus- 
tained in two Beenakker cavities arranged in 
tandem. The first plasma performs the major task 
of desolvation, volatilization, and atomization; 
the second plasma performs the major task of 
excitation. 

Compared with an inductively-coupled plasma 
(ICP) source the MIP seems to be prone to inter- 
element effects, especially when an easily ionized 
element (EIE) is also introduced. This is another 
major disadvantage of the MIP (the so-called 
matrix effect). The reason for the existence of the 
matrix effect is that the gas temperature of the 
MIP is lower than that for the ICP. There are 
two ways to overcome the matrix effect. One is to 
increase the microwave forward power. The other 
is to separate the matrix from the analyte prior to 
its introduction into the MPT. 

It has long been recognized that off-line pre- 
concentration and separation of trace con- 
stituents by using ion-exchange, adsorption or 
solvent extraction batch procedures are effective 
in improving the sensitivity and selectivity of 
atomic spectrometric methods [7]. Principal draw- 
backs of off-line separation procedures are that 
they are often time-consuming, frequently require 
a large sample volume, the sample may be con- 
taminated, and the sample throughput is very 
low. With the implementation of on-line flow-in- 
jection techniques for separation and preconcen- 
tration, such drawbacks no longer exist, while the 
beneficial effects are further enhanced: sampling 
frequency can be increased by one or two orders 
of magnitude and consumption of sample and 

reagent can be decreased by one or two orders of 
magnitude. On-line flow-injection techniques also 
have better precision and are easy to operate 
automatically [8]. 

The objectives for on-line pretreatment may be 
either to remove the interfering matrix or to en- 
hance the sensitivity, or both. Of the different 
approaches, separations and preconcentrations 
based on column techniques seem to have under- 
gone the most rapid development, probably ow- 
ing to the simplicity of operation and the 
existence of a wealth of knowledge on related 
batch procedures. When a sample is introduced 
into an on-line column, the interest of the opera- 
tor is focused on the complete collection of the 
analyte, while releasing the matrix to waste, and 
later on, the complete release of the analyte from 
the column into the detector. Although flow-in- 
jection (FI) on-line column preconcentration has 
been extensively applied to atomic spectrometry, 
such as atomic absorption spectrometry (AAS) 
and inductively-coupled plasma atomic emission 
spectrometry (ICP-AES)[9], very little has been 
done so far on coupling it with MIP systems[lO]. 
Madrid et al. [lo] determined Cu by applying FI 
on-line column preconcentration to MPT-AES 
with an ultrasonic nebulization system. 

In this paper, the elements determined are pre- 
concentrated using a thiol resin and introduced 
into the MPT with an FI-pneumatic nebulization 
system and the solvent is removed by a desolva- 
tion system. The results indicated that FI on-line 
column preconcentration can eliminate the EIE 
effects without causing losses in sensitivity or pre- 
cision. 

2. Experimental 

2.1. Apparatus 

The FI-MPT-AES system was built in this lab- 
oratory. The block diagram of the system is 
shown in Fig. 1. The components of the system 
are listed in Table 1 and are described below in 
some detail. The operating conditions are listed 
in Table 2 unless otherwise stated. 
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Fig. 1. Block diagram of instrumentation: MWG, microwave generator; MPT, microwave plasma torch; PMT, photomultiplier 
HV, high voltage. 

2.1.1. FI on-line column preconcentration system. 
The block diagram of the sample introduction 

system is shown in Fig. 2. The sorbent extraction 

Table 1 
Experimental instrumentation 

Component Model Manufacturer 

Torch 
Nebulizer 

Spray chamber 

Microwave 
generator 

Monochromator 

Strip-chart 
recorder 
Flow injection 
analyzer 

Lens 

MPT Laboratory built 
Concentric Laboratory built 
nebulizer 
Diameter 25 mm, Laboratory built 
length 200 mm 
DW-1, O-100 W Beijing Geological 

Instrument 
Factory 

WDG30 F= 30 Beijing Optical 
cm, grating 1200 Instrument 
grooves mm-’ Factory 
XWT-164 Shanghai Dahua 

Instruments 
LZ-1010 Shenyang Zhaofa 

Institute of 
Automatic 
Analysis 

Diameter 30 mm, Beijing Optical 
focal length 70 Instrument 
mm, quartz Factory 

tube; 

column (3 mm id., 3.5 cm long) was made in this 
laboratory. The packing filled two-thirds of the 
volume of the column and was held in place by 
two small plugs of plastic foam at either end. 

Aqueous sample solutions were introduced into 
the plasma with a pneumatic concentric nebulizer 
with a desolvation system. In the load position of 
the actuated injection value, the carrier liquid 
(distilled water) flows from a peristaltic pump 

Table 2 
Operating conditions 

Parameter Value 

Microwave frequency 
Forward power 
Reflected power 
Plasma viewing mode 
Plasma viewing position 

Carrier gas flow rate 
Support gas flow rate 
Sample introduction rate 
Entrance slit height 
Entrance slit width 
Exit slit height 
Exit slit width 

2450 MHz 
60 W 
2w 
Side-on 
O-15 mm above top of 
torch 
700 ml min-’ 
400 ml min-’ 
1.3 ml min-’ 
2 mm 
20 firn 
1 cm 
20 flrn 
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Injection Load 
a 

> Water 

b 

Fig. 2. Schematic diagram of sample introduction system. (a) Flow injection system: S, sample; C, carrier; W, waste; P, pump; X, 
block line. (b) Nebulization and desolvation system. 

directly through the pneumatic nebulizer into 
the plasma while the sample is simultaneously 
drawn into the sorbent extraction column. When 
the valve is rotated, the path of the carrier 
liquid is redirected to flow through the sorbent 
extraction column thereby carrying the sample 
plug into the MPT. The loading solution flow 
rate is 1.7 ml min- ’ and the eluant flow rate is 
1.3 ml min-‘. 

2.1.2. Desolvation system 
Although the MPT discharge will operate stably 

with a wet aerosol, a simple desolvation system 
consisting of a heated glass tube, a water-cooling 
condenser and a concentrated sulfuric acid desicca- 
tor is used. It was shown that the system effec- 
tively removed the water from the sample solution. 
Only 0.3% of water entered into the plasma 
IllI- 

2.1.3. Torch 
The torch used in this study is similar to an ICP 

torch, consisting of three concentric metal tubes 
[4]. The plasma support gas is introduced through 
the intermediate tube and sample aerosol is intro- 
duced through the central tube by a carrier gas. 
The plasma forms between the intermediate tube 
and central tube near the top of the torch and 
extends into the surrounding air to form a flame- 
like discharge with a central channel. The mi- 
crowave energy is coupled into the plasma via a 6 
mm id. cylindrical antenna which surrounds the 
intermediate tube. The plasma can be ignited easily 
with a short burst from a Tesla coil or by a touch 
of a screwdriver on the top of the central tube. 

2.2. Gas and reagents 

Argon (99.99%) was used as carrier gas and 
support gas. All reagents used were of suprapure 
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grade or analytical grade. The stock solutions (1 
mg ml - ‘) of all elements were prepared according 
to standard procedures. To obtain desired concen- 
tration of different working solutions, volumetric 
dilutions of the stock solutions were made. Dou- 
ble-distilled water was used throughout the exper- 
iments. The resin used is a thiol resin (Type 190, 
produced by Nankai University, China) whose 
active group is -SH. It is similar to Duolite 
ES-465. 

2.3. Intensity measurement 

In this study, transient emission signal (peak- 
shaped plots of intensity vs. time) were recorded 
with a strip-chart recorder. The peak heights of 
the signals recorded were measured and taken as 
the relative intensities. Peak height was used to 
measure emission intensities and three replicate 
measurements (RSDs < 3%) were made each time 
unless otherwise stated. In Figs. 3-7, the intensity 
is plotted relative to the first signal and in Fig. 8 
the intensity is plotted relative to that without an 
EIE at respective power levels. 

5.0 
1 

4.0 

>. C 
g) 3.0 

E .- 
a 
> 
“m 2.0 
$ 

0.0 7 
30 40 50 80 70 80 

Microwave power, W 

Fig. 3. The effect of microwave forward power on emission 
intensity. Analytical line and analyte concentration in loaded 
sample: Cd 228.8 nm, 0.3 pg ml-‘; Cu, 324.7 nm, 0.3 pg 
ml-‘; Mn 257.6 nm 1.0 pg ml-‘; Zn, 213.9 nm, 0.3 ,ug ml-‘; 
HCI concentration of the eluent, 1 mol I-‘. 

3. Results and discussion 

3.1. Optimization of experimental parameters 

To achieve the best analytical performance, the 
experimental parameters, such as microwave for- 
ward power, support and carrier gas flow rates, 
preconcentration time, preconcentration condi- 
tions, and HCl concentration in the eluant, were 
optimized by using a univariate optimization pro- 
cedure for simplicity. Because the experimental 
parameters are known to be inter-dependent, the 
procedure may not yield the most optimal condi- 
tions. 

3.1.1. Forward power 
As shown in Fig. 3, at lower microwave power 

( < 60 W), the emission intensities of analytical 
lines increase as the microwave power increases, 
and at higher power ( > 60 W) an increase in the 
applied power causes only a slight change in the 
emission intensities. It is also evident from Fig. 3 
that the effects of microwave power on inten- 
sities of the ionic lines and atomic lines are very 
similar. These results are very similar to those 
obtained with an ultrasonic nebulizer [l l] and 
very different from those obtained with a sur- 
fatron (a microwave device) under similar experi- 
mental conditions. When a surfatron is used 
and the experimental conditions are as follows: 
inner diameter of discharge tube 2-5 mm; carrier 
gas flow rate 200-800 ml min ‘; microwave 
power, 30-80 W; the emission intensity always 
increases with the microwave power and at higher 
power levels ( > 60 W) the emission intensities 
of the “hard lines” (ionic lines and atomic lines 
with excitation potentials greater than 5 eV) in- 
crease more significantly than at lower power 
levels ( < 60 W) [4]. The reason for this phe- 
nomenon is probably because for surfatron the 
plasma is sustained in a discharge tube, so that 
when the power increases the plasma becomes 
longer and the power density does not increase 
significantly. However, the plasma viewing mode 
is end-on, so the residence time of analytes in the 
plasma will by prolonged and the emission inten- 
sities of the analytical lines will increase. How- 
ever, for the MPT the plasma is formed between 
the intermediate and central tubes near the top of 
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3.1.2. Gas $0~ rate 
+CU 

40 50 80 70 80 

Microwave power, W 

Fig. 4. The effect of microwave forward power on S/B. 
Analytical line and analyte concentration in the sample solu- 
tion: Cu, 324.7 nm, 0.3 pg ml - ‘; HCI concentration of the 
eluent. 1 mol 1-l. 

the torch and extends into the surrounding air, so 
that the plasma expands with the applied power 
and the power density does not increase sharply. 

The effect of microwave forward power on 
signal-to-background ratio (S/B) has also been 
studied. Since it was shown that the blank signal 
was identified with the background signal in this 
case, the blank signal was measured as back- 
ground as described in the literature 1121. To 
measure the blank signal, the recorder is first 
adjusted to the zero position by blocking all radi- 
ation from entering the monochromator at the 
analytical wavelength. The blank signal is then 
measured by replacing the analytical sample with 
a blank that is identical to the analytical sample 
except that there is no analyte being studied at the 
same wavelength. The results are shown in Fig. 4. 
It is evident from Fig. 4 that the effect of mi- 
crowave forward power on S/B is not significant. 
The reason is evident. As the power increases, the 
emission intensities of analytical lines and back- 
ground emission increase simultaneously, so that 
S/B does not change with power. Because the 
concentration of the analyte is very low (0.3 pg 
ml - ‘), the analyte signal is always smaller than 
that of the background. 

Either carrier gas (central) or support gas 
(outer) has influence on the stability of the plasma 
and emission intensity of analytical lines. It is 
evident that the carrier gas flow rate has more 
significant influence on the analytical signals than 
the support gas flow rate [l 11. As shown in Fig. 5, 
for the elements examined an increase in carrier 
gas flow rate initially causes significant increase in 
the emission intensities of analytical lines, and 
then levels off or decreases slightly. The results 
can be explained in the light of the effect of carrier 
gas flow rate on the nebulization efficiency, the 
temperature of the plasma and the residence time 
of the analyte in the MPT. The nebulization 
efficiency increases as the carrier gas flow rate 
increases, but the temperature of the plasma and 
the residence time of the analyte in the MPT 
decrease. 

3.1.3. Preconcentration time 
The effects of preconcentration time on emis- 

sion signals are shown in Fig. 6. It is evident that 
an increase in preconcentration time causes an 
increase in the signal, but when the preconcentra- 
tion time is greater than 5 min, the signal in- 

0’ 
300 400 500 800 700 800 800 loo0 

Carrier gas flow rate, ml/min 

Fig. 5. The effect of carrier gas flow rate on emission intensity. 
Analytical Nine and analyte concentration in loaded sample: 
Cd, 228.8 nm, 0.3 pg ml-‘; Cu, 324.7 nm, 0.3 p’g ml-‘; Mn, 
257.6 nm, 1.0 pg ml-‘; Zn, 213.9 nm, 0.3 pg ml-‘; HCI 
concentration of the eluent, 1 mol I - ‘. 
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5 
I +Cd 

uMn 

0 ’ 
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Preconcentration time, min 

Fig. 6. The effect of preconcentration time on emission inten- 
sity. Analytical line and analyte concentration in loaded sam- 
ple: Cd, 228.8 nm, 0.3 pg ml-‘; Cu, 324.7 nm, 0.3 ,ug ml-‘; 
Mn, 257.6 nm, 1.0 pg ml-‘; Zn, 213.9 nm, 0.3 ml-‘; HCI pg 
concentration of the eluent. I mol 1~ ‘. 

creases slightly or does not increase at all. It is 
shown that under such circumstances the thiol 
resin is saturated and with the increase in precon- 
centration time the competition between analyte 
ion and other ions becomes more significant. In 
order to speed up the sample throughput, the 
preconcentration time used in this study is 1 min. 

3.1.4. Preconcentation conditions 
In order to preconcentrate the analyte com- 

pletely, the effect of pH (1 - 14) of sample solution 
on preconcentration was studied. The results 
show that when the pH is about 9, the analyte is 
preconcentrated completely. The pH of the sam- 
ple solution is, therefore, adjusted to about 9 with 
a buffer solution of NH,-NH&l. However, the 
concentration of NH,-NH&l was shown to have 
no significant effect on emission intensity. In this 
study the NH,-NH&l concentration used is 0.05 
mol 1-l. 

3.1.5. HCI concentration in eluant 
The effect of the HCl concentration in the 

eluant (O-2 mol 1-l) was also studied. The results 
show that the effect of HCl concentration in 

eluant on peak height is not significant. The only 
effect is on eluating time. The lower the HCl 
concentration, the longer the eluating time. In 
order to reduce the eluating time, an HCl concen- 
tration in eluant of 1 mol 1 - ’ was selected in this 
work. 

3.2. Detection limits and linear dynamic ranges 

The detection limits (30) for selected elements 
obtained by this method under optimized condi- 
tions are listed in Table 3. The preconcentration 
time used here is also 1 min. For comparison, the 
results obtained by FI-MPT-AES without precon- 
centration are also included. It is clear from Table 
3 that the detection limits obtained by this 
method are lower than those obtained by FI- 
MPT-AES under similar experimental conditions. 
The method appears particularly attractive in 
view of the enrichment factor and its simplicity of 
operation. 

Enrichment factor (EF) is the criterion used 
most frequently for the evaluating preconcentra- 
tion systems. However, the precise meaning of the 
term is often not defined. There are three different 
ways in the literature of defining EF. Some work- 
ers deduce enrichment factors by comparing the 
peak height before and after preconcentration 
[13,14], others do so by finding from a calibration 
graph of the unprocessed standard solution the 
concentration which gives the same peak height as 
the processed sample [15]. Yet another approach 
is to do the evaluation by comparing slopes of the 
linear portion of the calibration curves before and 
after the preconcentration [16]. The first approach 
is very straightforward, so we used it in this study. 
In order to obtain the peak height before precon- 
centration, a regular FI set-up was used, the 
volume of the sample loop being 150 ,ul. The EFs 
obtained are listed in Table 3. 

For all elements studied, the linear dynamic 
ranges determined experimentally are over three 
orders of magnitude (see Table 3). 

It is evident that the detection limits, linear 
dynamic ranges and EFs are relevant to the exper- 
imental conditions, especially the preconcentra- 
tion time. The sample throughout is 20 per hour. 
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The detection limits, dynamic linear ranges and enrichment factors 

Element line (nm) Detection limit (ng ml-‘) 

This method FI-MPT-AES 

Dynamic linear 
range (pg ml-‘) 

EF 

Cd I 228.3 3.6 10 0.01-20 4.9 
cu I 324.7 2.2 9.3 0.01~20 4.4 
Mn II 257.6 3.1 9.1 0.05-20 4.2 
Zn I 213.9 1.8 7.8 0.01~20 4.3 

3.3. Precision 

The RSDs for determination of selected ele- 
ments are shown in Table 4. It is clear that the 
RSDs for selected elements are acceptable. 

3.4. EfSect of easily ionized elements (EIEs) 

There are a large amount of EIEs, especially K 
and Na, in many natural samples. Study of the 
effect of EIEs on microwave plasma emission is of 
significance for developing MWP-AES and im- 
proving its application to real sample analysis. 
The effect of EIEs on emission intensities in 
MWP-AES has been studied by using TM,,, (a 
specific operating mode of a microwave resonant 
cavity) [ 1,17-211, surfatron [22] plasma sustained 
devices and with various sample introduction sys- 
tems, such as electrothermal vaporization [23-261, 
pneumatic nebulizer [27,28] and ultrasonic nebu- 
lizer [29,30]. The results indicated that the effect 
of EIEs is very closely related to the discharge 
system and sample introduction system. When 

Table 4 
The RSDs for some elements 

TM,,, or surfatron is used, the plasma is sus- 
tained in a discharge tube, but for MPT the 
plasma is formed between the intermediate and 
central tubes near the top of the torch and ex- 
tends into the surrounding air and hence the EIE 
effect may have different behavior. Madrid et al. 
[lo] studied the effect of K and Na on emission of 
Cu, and a reduction in the K and Na effect by the 
use of the FI system was observed. In this study a 
similar reduction of the effect of EIEs on signals 
of Cu by using the FI pneumatic nebulization 
sample introduction system was also observed 
(Fig. 7). It should be noted that the on-line pre- 
concentration is not applied in the EIE effect 
study. For the EIE effect study, the “column” in 
Fig. 2 was replaced by a 150 ~1 sample loop and 
the sample solution containing analyte and EIEs 
are introduced into the MPT by using the FI 
sample introduction system. It was observed that 
the existence of a large quantity of EIE caused a 
depression in analyte emission (EIE effect). How- 
ever, this EIE effect can be reduced simply by an 
increase in the applied microwave power (Fig. 8). 

Element Line (nm) Added (pg ml-‘) Found (pg ml-‘) RSD (%) 

Cd I 228.8 0.30 0.29, 0.30, 0.29, 0.31, 0.69 
0.30, 0,30, 0.30 

cu I 324.7 0.30 0.29, 0.29, 0.30, 0.32, 1.1 
0.30, 0.31, 0.30 

Mn II 257.6 1 .oo 1.0, 1.0, 1.0, 1.0, 0.98, 0.76 
1.0, 1.0 

Zn I 213.9 0.30 0.30, 0.32, 0.30, 0.30, 1.2 
0.30, 0.28, 0.30 
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Fig. 7. The effect of EIE using the FI sample introduction 
system. Analytical line and analyte concentration in the 
sample solution: Cu, 324.7 nm, 1 pg ml - ‘; HCI concentra- 
tion in the sample solution: I mol I - ‘. 

Fig. 8. The effect of microwave forward power on EIE 
interference. Analytical line and analyte concentration in the 
sample solution: Cu, 324.7 nm, I @g ml-‘; EIE concentra- 
tion in the sample solution: Li, 1000 pg ml- ‘; HCI concen- 
tration in the sample solution: I mol I ‘. 

Table 5 
The effects of EIE on relative emission intensities 

EIE (pg ml-‘) Cd CU Mn Zn 

a b a b a b a b 

Li (1000) 1.0 0.98 1.0 1.0 1.0 0.99 1.0 1.0 
Na (1000) 1.0 0.98 1.0 1.0 1.0 0.99 1.0 1.0 
K (1000) 1.0 0.99 1.0 I.0 1.0 0.99 1.0 1.0 

a Without EIE. 
b With EIE. 

It is clear from Fig. 8 that as the power increases 
the effect of Li (1000 lug ml - ‘) on Cu emission 
decreases. This is because the higher the applied 
power (energy), the more efficient the volatiliza- 
tion and atomization of the analytes and therefore 
the EIE effect is decreased. To eliminate the effect 
of EIE, an on-line column preconcentration tech- 
nique as described above was adopted and it was 
shown (Table 5) that when the concomitant EIE 
concentration reaches 1000 pg ml - ‘, the EIE still 
has no significant effect on the analyte emission 
intensity. The reason for this phenomenon is 
probably that the thiol resin preconcentrates the 

analyte selectively. When a sample solution con- 
taining EIEs is pumped through the thiol resin, 
only the analyte can be preconcentrated and EIEs 
go to waste, not being introduced into the plasma, 
so there is no effect of EIEs on the emission 
intensity of the analyte. 

4. Conclusion 

The FI on-line column preconcentration tech- 
nique has provided a first close connection be- 
tween chemical modification of the sample and 
the final physical process of MPT-AES detection. 
It eliminates the matrix interference efficiently and 
enhances the sensitivity of MPT-AES for elements 
studied significantly. The FI on-line column pre- 
concentration MPT-AES instrument is simple and 
fast in operation, and the running cost is low. 
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Abstract 

The extraction behaviour of copper(I1) from acid solutions (pH O-6) was studied with the new reagent 
4-alkyldithiocarboxylate-3,5-dihydroxy-l-phenylpyrazol (HL; alkyl=n-butyl, n-dodecyl). The species extracted was 
found to be ML,. The reagent was used to separate copper(I1) from iron(II1) in an acidic lixiviation solution of a 
mineral sample composed of enarguite (CqAsS,) and pyrite (Fe&). Additionally, the extraction efficiency of this new 
reagent was compared with the commercially available LIX 984 N extractant of copper (II). 

Keywords: Copper(H); Minerals; 1-Phenyl-3,5-dioxopyrazolidine 

1. Introduction 

It is known that 4-acyl-5-pyrazolones are good 
extractants for a wide variety of transition metals, 
actinides, lanthanides and other ions [l-5]. A few 
years ago we initiated a program concerning the 
synthesis and extractive properties of related com- 
pounds, where the acyl group is replaced by the 
alkyldithiocarboxylate. We have described the 
Cu(I1) and Ni(I1) complexes of 4-alkyldithiocar- 
boxylate-5-pyrazolones [6] and shown that these 
ligands are good extractants for Cu(I1) at pH 4-6 
[71. 

Looking for new extractants which can be 
efficiently used under more drastic acidic condi- 
tions with Cu(II), we have turned our attention to 
alkyldithiocarboxylate derivatives of five-mem- 
bered heterocyclic diones. In this paper, we report 
the results of the extraction of Cu(I1) in the 
presence of Fe(II1) with ligands derived from 
1 -phenyl-3,Sdioxopyrazolidine which is also 
named 1-phenyl-3-hydroxy-Spyrazolone in the 
literature [8,9]). 

2. Experimental 

2.1. Reagents 

* Corresponding author. Fax: (56) 32-212 746. The ligands 4 -butyldithiocarboxylate - 3,5-dihy- 
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droxy- 1 -phenylpyrazol (HBDTP) and 4-dode- 
cyldithiocarboxylate-3,5-dihydroxy-l-phenylpyra- 
zol (HDDTP) were synthesized by the reaction of 
1-phenyl-3,5-dioxopyrazolidine with sodium 
acetate, carbon disulfide and butyl or dodecyl 
bromide in dimethylformamide (DMF) as the 
solvent. Stock solutions containing 0.01 M copper 
(II) acetate and 0.1 M potassium nitrate at fixed 
pH O-6 or 0.01 m iron(II1) chloride and 0.1 M 
potassium nitrate at pH O-2 were used in the 
extraction studies. Stock solutions of 0.01 M 
copper(I1) acetate, 0.01 M iron(II1) chloride and 
0.1 M potassium nitrate at pH O-2 were used for 
extractive separation studies at pH 0. 

The initial metal content of the stock solutions 
was determined by complexometric titration with 
EDTA [lo]. All the extraction experiments were 
performed by the batch method with a 
variable-speed vortex mixer (Orbital Shaker). A 
mineral mixture of enarguite (Cu,AsS,) and 
pyrite (CuS,) containing 16.5% Cu and 23.7% Fe, 
analyzed according to standard ASTM methods 
and lixiviated with bromine electrogenerated in 
situ [ll], was supplied by El Indio Mining 
Company (La Serena, Chile) to study the 
separation of Cu(I1) in real mineral samples. 

2.2. Extraction and analytical procedure 

2.2.1. Extraction of Cu(II) from a 0.01 M 
copper(U) acetate solution as a function of pH 

A portion of the stock solution 10.0 ml was 
acidified with HCl to a fixed pH and shaken for 
10 min in a separatory funnel with an equal 
volume of a 0.02 m chloroform solution of the 
ligand. After the extraction, the pH of the 
aqueous phase was measured with a pH meter 
and its Cu(I1) content was evaluated with 0.1 M 
EDTA and murexide as indicator. The amount 
of Cu(I1) extracted into the organic phase was 
calculated from the difference between the metal 
concentration in the aqueous phase before and 
after extraction. The same procedure was used in 
the extraction studies of Fe(III) but with the use 
of 5-sulfosalicylic acid as indicator in the titra- 
tion step. 

2.2.2. Separation of Cu(ZI) from an aqueous 
solution 0.01 M in Cu(II) and Fe(III) at pH0 

A portion of stock solution (10.0 ml) was aci- 
dified to pH 0 with HCl and shaken for 10 min 
with an equal volume of 0.03 M chloroform so- 
lution of HDDTP. The Fe(II1) was precipitated 
from the aqueous phase with concentrated NH3 
and after filtration the Cu(I1) content was evalu- 
ated as before. 

2.2.3. Separation of Cu(II) from a lixiviation so- 
lution of enarguite and pyrite 

A portion of the lixiviation solution (2.0 ml) was 
neutralized to pH 0 with concentrated NH3 and 
extracted for 10 min with 3.0 ml of a 0.067M 
chloroform solution of HDDTP. After the separa- 
tion of the organic phase, the extraction was 
repeated five more times, after which all the Cu(I1) 
was transferred, free of Fe(III), to an organic 
phase. The Cu(I1) content after each extraction 
was determined as follows: 1 ml of the aqueous 
phase was diluted to 100.0 ml and 10.0 ml of this 
solution was titrated with EDTA as before. 

3. Results and discussion 

According to the spectroscopic and analytical 
data, previously reported IR studies of tau- 
tomerism of five-membered heterocyclic ketones 
[12,13], and the reported ‘H or 13C chemical 
shifts in related structures [14- 171, the produc- 
tion of the reaction between 1-phenyl-3,5-diox- 
opyrazolidine, carbon disulfide and alkyl 
bromides is present in polar solvents as a dieno- 
lit form (Fig. 1). Chelation of copper(I1) must 
occur through the thiono sulfur atom and 3-hy- 
droxy or 5-hydroxy group. 

The extraction of aqueous copper(I1) solutions 
with chloroform solutions of both ligands was 
studied as a function of pH and the results are 
shown in Fig. 2. The following features of this 
study are of interest. 

(1) A nearly constant 88-94% yield of ex- 
traction is observed in the pH range O-6 and the 
best results are observed at pH 0 or 1. This can 
be seen as an important advantage, considering 
the strong acidity of the lixiviation solution from 
copper minerals. 



A. Molinari et al. : Talanta 43 (1996) 545-549 547 

Ph 

Compound 

HEDTP 

HDDTP 

R - 

n-C@9 
n-c12H25 

Fig. 1. Dienolic form of 4-alkyldithiocarboxylate-1 -phenyl 
3,5-dioxopyrazolidine. 

(2) There is not significant difference in the 
extractive properties of HBDTP and HDDTP in 
0.02 M chloroform solutions. However, the better 
solubility of HDDTP in this solvent allows study 
of the extraction with a 0.067 M solution. 

(3) In general, these ligands are better extrac- 
tants than alkyldithiocarboxylate derivatives of 
3-methyl-Spyrazolones also studied in our labo- 
ratory. For example, 1-dodecyl-4-dodecyldithio- 
carboxylate-Shydroxy-3-methylpyrazol extracts 
only 26% of copper(I1) at pH 0 [7]. 

(4) The nature of the extracted species was 

established by plotting log of distribution ratio 
(&) vs. log of ligand concentration at fixed pH 
(Fig. 3). This gave slopes close to two and similar 
values were observed for plots of log Kd vs. pH at 
constant ligand concentration. From these results 
it can be inferred that the main equilibrium in the 
extraction process is 

Cu2+ +2HL --t CuL,+2H+ 

The deduced stoichimoetry is in agreement with 
the elemental analyses of both copper(I1) com- 
plexes. 

In order to explore the use of HDDTP in the 
extraction of copper from minerals with a high 
content of iron in a strong acidic medium, the 
extraction of Fe(II1) at pH 0 and 1 was also 
studied. Under these conditions Fe(II1) is only 
8-12% extracted and Cu(I1) is 95% selectively 
extracted with a 0.03 M HDDTP chloroform 
solution from an aqueous 0.01 M solution of 
Cu(I1) and Fe(II1) 

Using a lixiviation solution from a mineral 
mixture of enarguite and pyrite with 16.5% Cu 
and 23.7% Fe, Cu(I1) was completely separated 
from Fe(II1) at pH 0 with a chloroform solution 
of HDDTP. The results and conditions employed 
are summarized in Table 1. 

If the extraction of the lixiviation solution is 
performed under the same conditions but replac- 
ing the chloroform solution of HDDTP by a 15% 
kerosene solution of LIX 984N, the amount of 

0’ ’ 
I I 1 1 I I I 

0.3 1.1 2.0 2.1 3.1 4.2 5.2 5.7 

PH 

Fig. 2. Plot of ‘%I extraction vs. pH. -m-, HBDTP, --*--, HDDTP. 
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Fig. 3. Plot of log & vs. log [hgand] ( n , HBDTP: pH = 4.78; M = 2.04; + , HDDTP: pH = 4.32; m = 2.38). 

Cu(I1) extracted in each step is 8.0 mg and the 
process requires five steps. 

Finally, and according to the results with ana- 
lyzed mineral samples, this procedure can be suc- 
cesfully applied to sulfide-type minerals with 
similar composition (bornite, cubanite, chalcopy- 
rite, chalcosite and others) as well as to oxidized 
copper minerals (chrysocolla, brochantite, mala- 
chite and others). 

In conclusion, under the experimental condi- 
tions of this study, these new compounds show 
extractive and selective properties closely related 

Table 1 
Extraction of Cu (II) from a lixiviation solution of enarguite 
and pyrite 

Volume of the aqueous lixiviation solution 
of mineral 2.0 ml 

Concentration of Cu(I1) in the hxiviation 
solution 16.5 mg ml ’ 

Concentration of Fe(II1) in the lixiviation 
solution 23.7 mg ml-’ 

Volume of the chloroform ligand 
solution 3.0 ml 

Concentration of the ligand in the organic 
solution 28.0 mg ml ’ 

Number of steps for quantitative 
extraction of Cu(I1) 6 

Amount of Cu(I1) extracted in each step 6.0 mg 
Yield of the extraction in each step 95% 

Concentration of Fe(II1) in the remaining 
aqueous solution 23.6 mg ml ’ 

to industrial LIX resins which are used in solvent 
extractions of copper from lixiviated solutions 
with a high iron content. Ligands with this kind 
of /3-hydroxydithioester structure could become 
an alternative to the /?-hydroxyoxime arrange- 
ment of the commercial extractants mentioned. 
Studies on this matter are in progress. 
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Abstract 

A simple and sensitive spectrophotometric method is developed for the determination of titanium in aqueous 
medium. The metal ion forms a reddish brown coloured complex with 2,4-dihydroxybenzaldehyde isonicotinoyl 
hydrazone (2,4-DHBINH) in the pH range l-7. The complex shows two absorption maxima, one at 430 nm and the 
other at 500 nm. The reagent shows appreciable absorbance of 430 nm and negligible absorbance at 500 nm at pH 
1.5. Beer’s law is obeyed in the range 0.09 to 2.15 pg ml-’ of titanium(IV). The molar absorptivity and the Sandell’s 
sensitivity of the method are 1.35 x 10“ 1 mol-’ cm-’ and 0.0049 ,ug cm-*, respectively. A method for the 
determination of titanium by first-order derivative spectrophotometry is also proposed. The methods have been 
employed successfully for the determination of titanium in several alloy and steel samples. 

Keywords: Spectrophotometry; Titanium; 2,4-Dihydroxybenzaldehyde isonicotinoyl hydrazone 

1. Introduction 

The potential of the analytical application of 
hydrazone derivatives for the spectrophotometric 
determination of metal ions has been reviewed by 
R.B. Singh et al. [l]. Very few hydrazones are 
reported for the spectrophotometric determina- 
tion of titanium [2-51. Among the sensitive meth- 
ods reported, most of them involve extraction 
processes [6-121 and suffer from lack of selectiv- 
ity. Classical methods using hydrogen peroxide 
[13] and chromotropic acid [14] suffer from the 

* Corresponding author. Fax: (91) 08554-22150. 

disadvantages of interference and critical pH 
maintenance, respectively. 

In the present paper a simple, rapid, selective, 
sensitive and direct spectrophotometric method is 
reported for the determination of micro amounts 
of titanium in aqueous medium by complexing 
with 2,4 dihydroxybenzaldehyde isonicotinoyl hy- 
drazone (2,4-DHBINH). 

Derivative spectrophotometry is a very useful 
approach for determining the concentration of 
single components in mixtures with overlapping 
spectra as it eliminates much of the interference. 
It has recently been used to eliminate interference 
during spectrophotometric analysis [ 15-251. It has 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
.S.SDIOO39-9140(95)01766-6 
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been widely used in pharmaceutical analysis, 
amino acid and protein analysis, clinical chem- 
istry, environmental analysis etc., [26] but less 
often in inorganic analysis [27,28]. 

In this paper a first-order derivative spec- 
trophotometric method is described for the deter- 
mination of titanium(IV) in which the interference 
seen with the zero-order method is eliminated. 

2. Experimental 

A Shimadzu UV-visible spectrophotometer 
model UV-160A equipped with 1 cm quartz cells 
and a Phillips Digital pH meter model PP 9046 
were used for absorbance and pH measurements, 
respectively. Suitable settings for first-order 
derivative are as follows: spectral band width 2 
nm; wavelength readability, 0.1 nm increment; 
scan speed, fast (nearly 2400 nm min-*); wave- 
length accuracy, +0.5 nm with automatic wave- 
length correction; recorder, computer controlled 
thermal graphic printer with cathode ray tube, 
and with nine degrees of freedom in the wave- 
length range X00-400 nm. 

3. Reagents 

3.1. 2,4-Dihydroxybenzaldehyde isonicotinoyl 
hydrazone 

The reagent was prepared by condensing 2,4-di- 
hydroxybenzaldehyde and isonicotinic acid hy- 
drazide in methanol using a general procedure 
[29] (m.p. 290°C). The structure of the reagent is 
as follows: 

C=N-N-C 

A 0.01 M solution in dimethyl formamide is used 
in the studies. 

3.2. Stock solution of Ti(ZV) 

This was prepared by dissolving the requisite 
quantity of K,TiO(C,0,),.2H,O (AR, BDH) in 
doubly distilled water and made up to the mark in 
a 100 ml volumetric flask to give a 0.01 M solu- 
tion. The resulting titanium solution was stan- 
dardized gravimetrically [30]. Working solutions 
were prepared daily by diluting the stock solution 
to an appropriate volume. All other chemicals 
used were of analytical reagent grade. 

3.3. Bufer solutions 

For the preparation of buffer solutions, 1 M 
HCl and 1 M sodium acetate (pH 1 to 3) and 0.2 
M acetic acid and 0.2 M sodium acetate (pH 3.2 
to 7.0) were used. 

4. Procedures 

4.1. Direct spectrophotometry 

In each of a set of different 10 ml standard 
flasks, 5 ml of buffer solution (pH 1.5) various 
volumes of 5 x 10e4 M titanium(IV) solution, 1 
ml of n-butanol, 1 ml of dimethylformamide 
(DMF) and 1 ml of 2,CDHBINH (1 x lo-’ M) 
in DMF were added and made up to the mark 
with distilled water. The absorbance was mea- 
sured at 500 nm against the reagent blank. The 
calibration curve was prepared by plotting the 
absorbance against the amount of titanium. 

4.2. First derivative spectrophotometry 

For the above solutions, first-order derivative 
spectra were recorded with a scan speed of fast 
(nearly 2400 nm min-‘), slit width of 1 nm, with 
degrees of freedom 9, in the wavelength range 
from 800 to 400 nm. The derivative peak height 
was measured by peak-zero method at 580 nm. 
The peak height was plotted against the amount 
of titanium to obtain the calibration curve. 

The calibration graphs follow the straight line 
equation y = mx + b where x is the concentration 
of the solution, y is the measured absorbance or 
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Fig. 1. Absorption spectra of (a) Ti(lV)-2,4-DHBINH complex (2.5 x lop5 M); (b) 2,CDHBINH (1 x 10-j M). 

peak height, and rn and b are constants. By 
substituting the corresponding experimental data 
into the above equation, calibration equations 
were calculated as y = 0.292~ + 0 for the zero 
order data and y = 0.076~ + 0.001 for the deriva- 
tive data. 

5. Results and discussion 

5.1. Absorption spectra 

The absorption spectra of the reagent and the 
complex were recorded in the wavelnegth range 
400-800 nm at pH 1.5 against the buffer solution 
and reagent blank, respectively (Fig. 1). The com- 
plex shows two absorption maxima, one at 430 
nm and the other at 500 nm. The reagent has 
appreciable absorbance at 430 nm and negligible 
absorbance at 500 nm. Hence analytical studies 
were made at 500 nm. 

5.2. pH effect 

It is observed that the reddish brown precipitate 
is instantaneously formed between Ti(IV) and 2,4- 
DHBINH in the pH range l-7. The study of the 
effect of pH on the colour intensity of the reaction 
mixture showed that maximum colour is obtained 
in the pH range 1.2-3.5. The analytical studies 
were carried out at pH 1.5, as the interference due 
to foreign ions is at a minimum at this pH. 

5.3. EfSect of 2,4-DHBINH concentration 

The studies revealed that a 30-fold molar excess 
of 2,4-DHBINH is essential for complete and 
constant colour development. Excess of the 
reagent has no effect on the absorbance of the 
complex. 

5.4. EfSect of solvent 

It is observed that the reddish brown precipitate 
of Ti(IV)-2,4-DHBINH complex dissolves in 
20% aqueous DMF. But there is a decrease in the 
colour intensity of the complex. The intensity 
of the colour is stabilized by adding 1 ml of 
n-butanol to the reaction mixture. Hence further 
studies are carried out in a 20% + 10% DMF-n- 
butanol mixture. 

5.5. Colour and stability of the complex 

The colour reaction between Ti(IV) and 2,4- 
DHBINH was instantaneous at room tempera- 
ture. The absorbance of the complex was found to 
be constant for more than 24 h. 

5.6. Order of addition of reactants 

It is observed that the intensity of the coloured 
solution is independent of the order of addition of 
the reactants. However the reagent was added 
after the addition of n-butanol and DMF to 
avoid the precipitate formation. 
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5.7. Applicability of Beer’s law 

From the calibration plot, it is observed that in 
the present method Beer’s law is obeyed in the 
concentration range 0.09-2.15 kg ml-’ of Ti(IV). 
The molar absorptivity of the complex at 500 nm 
and at pH 1.5 is calculated as (1.35 f 0.05) x lo4 
1 mol-’ cm- ‘. The Sandell’s sensitivity of the 
method in the determination of 1.2 pg of Ti(IV) is 
found to be 0.0049 pg cme2. 

Other statistical data derived for the present 
method are as follows. The standard deviation of 
the method for ten determinations of 1.2 pg of 
Ti(IV) is 0.005. The zero-order calibration plot 
passes through the origin. The correlation co- 
efficient (y) of the calibration equation of the 
experimental data is 0.990. 

5.8. Composition and stability of the complex 

The composition of the complex was deter- 
mined by the Job and mole ratio methods and 
found to be 1:2 (Ti(IV):2,4-DHBINH). The stabil- 
ity constant of the complex was determined by 
Job’s method as 8.04 x 108. 

5.9. Effect of foreign ions 

The effect of various diverse ions on the deter- 
mination of Ti(IV) was studied to find out the 
tolerance levels of these diverse ions in the present 
method. The tolerance limit of a foreign ion was 
taken as the amount that caused an error in the 
absorbance value by f2%. The data are pre- 
sented in Table 1. Large numbers of commonly 
associated cations and anions do not interfere in 
the determination of titanium. 

In the presence of ascorbic acid (6000 pug), 
Fe(II1) (1764 pg), Cu(I1) (30 pg) and V(V) (25 gg) 
are tolerable. Mo(V1) can be masked up to 10 pg 
by adding 440 pg of tartrate. 

5.10. Determination of titanium(W) by first 
derivative spectrophotometry 

In the zero-order spectrophotometric determi- 
nation of titanium with 2,CDHBINH, the com- 
monly associated metals interfere and have to be 

masked with masking agents. To avoid the use of 
masking agents, we have applied the first deriva- 
tive technique. The technique enhances the de- 
tectability of minor spectral features as weak 
shoulders. 

The first-order derivative spectrum of the 
Ti(IV)-2,4-DHBINH complex was recorded for 
the solutions of zero order as described before 
and is presented in Fig. 2. The peak-zero (h) 
method is followed for the preparation of the 
analytical calibration plot. The maximum peak is 
at 560 nm. However, it was observed that at 580 
nm, many of the interfering ions do not interfere. 
The peak height at 580 nm is also proportional to 
the concentration of Ti(IV). Therefore 580 nm is 
chosen for analytical studies. Beer’s law is obeyed 
between 0.048 and 2.39 pg ml-’ of titanium(IV). 

Table I 
Tolerance limit of diverse ions in the determination (1.2 pg 
ml-‘) of titanium(W) 

Diverse ion Tolerance Diverse ion Tolerance 
limit limit 
(a ml-‘) (a ml-‘) 

Ascorbic acid 17600 
Iodate 5730 
Bromate 4317 
Thiourea 2283 
Nitrate 1860 
Thiocyanide 1770 
Iodide II70 
Chloride 1065 
Citrate 472 
Tartrate 444 
Oxalate 132 
Phosphate 48 
Fluoride IO 

Ba(Il) 
Zn(I1) 
Fe(III) 
Co(H) 
Mn(II) 
Ni(I1) 
MgW) 
HgW) 
Pb(II) 
Pb(I1) 
Cd(ll) 
Ce(IV) 
Cr(III) 
Tc(IV) 
Cu(I1) 
Cu(I1) 
AI(II1) 
Cu(I1) 
WV) 
VW) 
Zr(IV) 
Mo(V1) 

* Masked by 6000 fig ml-’ ascorbic acid. 
b Masked by 2283 pg ml-’ thiourea. 
’ Masked by 132 pg ml-’ oxalate. 
d Masked by 444 pg ml-’ tartrate. 

4110 
1950 
1764” 
1740 
1650 
II60 
720 
600 
I04 
414b 
336 
210 
208 
127 
95b 
32” 
25 

5’ 
25” 
5’ 

27” 
I ocd 
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0.16 

WAVELENGTH [nm] 
60 0 

Fig. 2. First-derivative spectra of Ti(IV): (a) Ti(IV) 0.48 pg ml-‘; (b) Ti(IV) 0.96 pg ml-‘; (c) Ti(lV) 1.44 pg ml-‘; (d) Ti(lV) 1.92 
pg ml-’ 

Other statistical data derived for the present 
method are as follows. The standard deviation of 
the method for ten determination of 1.2 @g of 
titanium(IV) is 0.004. The intercept and the corre- 
lation coefficient (y) of the calibration equation for 
the experimental data are +O.OOl and 0.996, re- 
spectively. 

5.10. Interference due to foreign ions 

The interference of a loo-fold excess of Al(II1) 
and a 20-fold excess of Cu(II), Mo(VI), Th(IV), 
V(V), U(V1) and Zr(IV) can be avoided by carrying 
out the determination of 1.2 pg Ti(IV) in the 
derivative mode. 

6. Applications 

6.1. Analysis of alloys and steel samples 

Titanium present in various alloy and steel 
samples was determined by the zero-order and 
first-order derivative methods. 

6.2. Preparation of sample solutions 

Solutions of the nickel-based high temperature 
alloys, titanium alloy and low alloy steel were 
prepared by following the precedure reported by 
Busev et al. [3 11. A weight of 0.1-0.5 g of sample 
was dissolved in 2 ml HCl + 10 ml HNO,. The 
resulting solution was evaporated to a small vol- 
ume. To this, 5 ml of 1:l H,0:H,S04 mixture was 
added and evaporated to dryness. The residue was 
dissolved in 15 ml of distilled water and filtered 
through Whatman filter paper No. 41. The filtrate 
was collected in a 100 ml volumetric flask and made 
up to the mark with distilled water. The sample 
solutions were appropriately diluted to obta-in the 
titanium concentration in the required range. 

The amount of titanium present in the sample 
solutions was calculated from the predetermined 
calibration plots. In zero order spectrophotometry, 
1 ml of 1 M ascorbic acid was added to mask 
iron(II1) and copper(I1) and 0.5 ml of 0.03 M 
oxalate to mask molybdenum(V1). In the derivative 
technique, 1 ml of 1 M ascorbic acid was added to 
mask iron(II1). The results obtained in these studies 
are presented in Table 2. 
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Table 2 
Determination of titanium in alloy and steel samples 

Sample Taken (fig ml-‘) Found (fig ml-‘) 

Direct Error 
method* W ) 

RSD 

W) 

First 
derivative 
method* 

Error 

W) 
RSD 

(“4 

Nickel-base high temperature alloy” 
(i) Udimet - 500 0.51 

1.02 
1.53 

(ii) Udimet - 700 1 .oo 
1.50 
2.00 

Titanium-based alIoyb 0.62 
1.20 
I.86 

BAS No. 387’ 0.50 
1.00 
2.00 

Low alloy steeld 0.70 
1.40 
2.10 

0.50 - 1.96 0.020 0.50 - 1.96 0.020 
1.04 + 1.96 0.020 1.03 + 0.98 0.019 
1.54 + 0.65 0.026 1.55 + 1.30 0.020 

1.01 + 1.00 0.018 1 .oo 0.019 
1.48 - 1.33 0.017 1.49 - 0.67 0.017 
2.04 + 2.00 0.021 2.02 + 1.00 0.021 

0.63 + 1.61 0.025 0.64 + 3.22 0.026 
1.26 + 1.61 0.026 1.25 +0.81 0.018 
1.88 + 1.07 0.015 1.87 + 0.54 0.010 

0.51 + 2.00 0.022 0.51 + 2.00 0.021 
1.02 + 2.00 0.024 1.02 + 2.00 0.025 
I .98 - 1.00 0.026 2.01 + 0.50 0.022 

0.68 - 2.85 0.029 0.71 + 1.42 0.019 
1.42 + 1.43 0.021 1.39 + 0.71 0.016 
2.12 + 0.95 0.023 2.09 - 0.48 0.019 

* Average of five determinations. 
Composition of samples (%) is as follows: 
a(i) Cr, 18; Co, 18.5; Al, 2.9; MO, 4.8; C, 0.08; B, 0.006; Zr, 0.05; Ti, 2.9 (ii) Cr, 15; Co, 18; Al, 4.3; MO, 5.21; C, 0.08; B, 0.003; 
Ti, 3.5; 
b Ti, 70.14; Ni, 15.03; Cu. 14.83; 
‘Ni, 41.9; Fe, 36.0; Cr, 12.46; MO, 5.83; Ti, 2.95; Si, 0.28; Al, 0.24; Co, 0.21; Mn, 0.08; Cu, 0.032; C, 0.03; 
dC, 0.1; Cr, 0.1; Cu, 0.3; W, 0.1; MO, 0.1; Ti, 0.1; Fe, 99. 

7. Comparison with other methods 

The present method is compared with the stan- 
dard hydrogen peroxide method, chromotropic 
acid method and other hydrazone methods and 
the results are presented in Table 3. 

The hydrogen peroxide method is less sensitive 
than the present method and suffers from the 
interference of many cations. Although the sensi- 
tivity of the chromotropic acid method is slightly 
higher than that of the present method, it suffers 
from the disadvantage of critical pH and the 
separation of large amounts of Fe(II1). Further- 
more most of the other sensitive methods involve 
extraction. The present method has the advantage 
of high selectivity in the presence of ascorbic acid 
and is more sensitive than the other hydrazone 
methods. 

The first-order derivative spectrophotometric 
method eliminates the interference of V(V), 
Cu(II), Zr(IV), Mo(VI), U(V1) and Th(IV), which 
causes problems in the zero order method. The 
only interfering cation, Fe(III), is easily masked, 
up to lOOO-fold, with ascorbic acid. Thus the 
first-order derivative method is selective for the 
determination of Ti(IV) in the presence of ascor- 
bic acid. 
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Abstract 

A sequential injection spectrophotometric method for stoichiometric studies, optimization and quantitative 
determination of ciprofloxacin and norfloxacin was developed. The work is based on the complexation reaction of 
ciprofloxacin and norfloxacin with iron(II1) in sulfuric acid media and a spectrophotometric measurement of 
absorbances of the corresponding complexes at 447 and 430 nm respectively. The stoichiometries and formation 
constants were determined. A 1:2 iron(II1) to drug mole ratio was found to give the most predominant complexes for 
both drugs with 5.00 x lop3 M H,SO, and at 0.20 M ionic strength utilizing Job’s method and the molar ratio 
method. A numerical method was utilized for the calculation of the formation constants, the logarithms of which were 
found to be 7.756 + 0.121 and 7.839 k 0.056, for ciprofloxacin and norlloxacin respectively. A factorial design 
together with the all-model-search method was utilized for the optimization of the concentration and aspiration 
volume of iron(II1) as these were the variables which most affected peak absorbance. Working dynamic ranges of 
SO-500 ppm and 50-400 ppm were obtained for ciprofloxacin and nortloxacin respectively. The method was found 
to be suitable for the determination of these compounds in pharmaceutical preparations. 

Keywords: Sequential injection spectrophotometry; Ciprofloxacin; NorlIoxacin; Complexation 

1. Introduction 

Apart from the original papers describing the 
principles of sequential injection analysis (SIA) 
[l-5] few publications [6- 111 have appeared in 

the literature so far. It is apparent that the SI 
technique is still in its infancy and that its full 
versatility and capacity have yet to be explored. 
The SI technique involves one pump, one valve, 
and a single channel, making it simpler than the 
conventional flow injection (FI) technique. Once 

* Corresponding author. Fax: + 966 03-860-4277. 
constructed, the mechanical flow system of an SI 
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apparatus does not have to be reconfigured for 
different injection volumes, reaction times or mu- 
tual zone dispersion, because these parameters 
can be controlled directly by changing the vol- 
umes of flow reversals and the forward flow rate 
from the computer keyboard [12]. 

Cumbersome jobs which usually bother experi- 
menters can be performed with some ease using 
SI. For instance, the determination of stoi- 
chiometries and formation constants of complexa- 
tion reactions involves the preparation of a large 
series of solutions under carefully adjusted condi- 
tions and precise repetition of the procedure until 
acceptable results are obtained. When a valuable 
and expensive reagent is used, the above opera- 
tions become difficult to repeat and usually the 
reporting of poor data is the ultimate result. 
Formation constants, or equilibrium constants for 
complexation reactions, are effective measures of 
the affinity of a ligand for a metal ion in solution 
and are used to provide valuable information 
essential to many other fields, e.g. medicine, elec- 
trochemistry, geochemistry, and pollution [13,14]. 
The advent of computers has enabled advanced 
mathematical treatment of huge equilibrium data 
to be carried out and has also encouraged ama- 
teurish chemists to determine the formation con- 
stants by making use of advanced computerized 
numerical methods rather than just studying the 
position of equilibria they encounter during the 
course of their investigation of a chemical reac- 
tion [13]. 

The aim of this paper is to demonstrate the 
versatility of the SI technique in conjunction with 
numerical methods for the determination of stoi- 
chiometries and stability constants for the com- 
plexation of two members of the flouroquinolone 
family of drugs, ciprofloxacin and norfloxacin. 
Two FI methods based on the complexation reac- 
tion of iron(II1) with ciprofloxacin and norflox- 
acin have been reported by the present authors 
[ 15,161. Therein, no detailed information was 
given on the stability and no stoichiometry studies 
were carried out on line by the FI micro-tech- 
nique. The present work demonstrates the advan- 
tages of SI over FI, thus showing the inevitability 
of the utilization of SIA for such investigations. A 
method for the determination of ciprofloxacin and 

norfloxacin, based on their complexation with 
iron(II1) in sulfuric acid medium, is also pro- 
posed. A chemometric optimization approach is 
employed to select the best experimental condi- 
tions for the assay of these two drugs. 

Fluoroquinolones, a group of synthetic antibac- 
terial agents currently employed as broad spec- 
trum antibiotics, are structurally related to 
nalidixic acid. It is believed that the mode of 
action of this family of drugs is through binding 
DNA-gyrase enzyme [ 17- 191. It is also reported 
that there is a direct correlation of fluoro- 
quinolone bonding with inhibition of DNA-gy- 
rase enzyme activity and induction of DNA 
breakage [ 191. Because of this special mechanism 
of action, flouroquinolones are considered to be 
the most effective Gram-positive-Gram-negative 
pathogens to combat infections caused by micro- 
organisms that are resistant to other microbials, 
such as tetracycline. Most of the methods avail- 
able in the literature for the determination of 
ciprofloxacin and norfloxacin are suitable for the 
assay of these drugs in biological fluids [20-271. 
It is interesting to note that no official methods 
have been reported so far by the British Pharma- 
copoeia (BP) or United States Pharmacopoeia 
(USP) for the assay of these two drugs in pharma- 
ceutical products. 

2. Experimental 

2.1. Apparatus 

The SI apparatus described recently [ll] was 
used for SI measurements. The apparatus consists 
of a peristaltic pump (C~V, Alitea USA, Medina, 
WA), a Valco IO-port selector valve (Cheminert, 
Valco Instruments, Houston, TX), a holding coil, 
a reaction coil, and a Spectronic Mini-20 spec- 
trophotometer (Milton Roy, Rochester, NY). All 
the tubing connecting the different units was made 
of Teflon (0.8 mm id.). The holding coil and the 
reaction coil were 1.5 m and 0.5 m long respec- 
tively. Pump tubings were Par-Med 1.02 mm i.d. 
(Upchurch) held on pump rollers by FI peristaltic 
pump tubing adapters (Upchurch). A personal 
computer (Austin Computer Systems, Austin, 
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TX) together with FIAlab software (Alitea USA, 
Medina, WA) was used to control the peristaltic 
pump, the valve and data acquisition. The com- 
munication between the computer and the other 
components of the apparatus was expanded by a 
general purpose I/O board (Model ADA-110, 
Real Time Devices (RTD), State College, PA). 

A Perkin-Elmer lambda 5 UV-visible spec- 
trophotometer equipped with 10.00 mm cells was 
used for preliminary investigations. 

2.2. Reagents 

2.2.1. FIu5r5~uinoIo~es standard s5lutions 
Stock standard solutions (2000 ppm) of the two 

fluoroquinolones were prepared by dissolving 
the appropriate amounts of the pure analytical 
reagent grade products in pure water for cipro- 
floxacin (supplied by Bayer representative, Batch 
No. (09867) for the east province of Saudi Ara- 
bia) and dilute sulfuric acid (5.0 x low3 M) for 
nofloxacin (Merck Sharp and Dohme, Haarlem, 
The Netherlands). Working solutions were pre- 
pared by appropriate dilutions. 

2.2.2. Nor-oxacin tabIets 
Five tablets of the proprietary drug Noroxin 

(Merck Sharp and Dohme, Haarlem, The Nether- 
lands), claimed to contain 400 mg norfloxacin, 
were carefully weighed out. An amount of the 
powder equivalent to 400 mg was dissolved in 
about 300 ml dilute sulfuric acid (5.0 x 10m3 M) 
in a 500 ml volumetric flask. The mixture was 
warmed at 50°C in a water bath for 15 min, 
agitated by an electrical shaker for 15 min and 
filtered through an ordinary filter paper; it was 
then washed several times with warm dilute sulfu- 
ric acid and the filtrate plus the washings were 
made up to the mark with the dilute sulfuric acid 
solution after cooling to room temperature. Ap- 
propriate solutions were then obtained from this 
stock by dilution. 

2.2.3. Cij.n-5jT5xacin tablets 
Ten tablets of Ciprobay (Bayer), claimed to 

contain 250 mg ciprofloxacin, were weighed out 
and crushed. An exact amount of this powder 
equivalent to about 250 mg was dissolved in water 

in a 250 ml volumetric flask. Working solutions 
were obtained by diluting appropriate portions of 
this stock. 

2.2.4. Ciprofloxacin infusion 
The solution of the proprietary drug Cibrobay 

(Bayer), claimed to contain 2000 ppm 
ciprofloxacin, was tested by appropriate dilution 
of the infusion in acidified water to make the 
required concentration of ciprofloxacin in a final 
solution of 5.00 x lo- 3 M sulfuric acid and the 
ionic strenght was then adjusted to 0.20 M with 
ammonium sulfate solution. 

2.2.5. Ammonium sulfate 
A 0.20 M solution was prepared by dissolving 

about 13.4 g of AnalaR ammonium sulfate in 
water in a 500 ml flask. 

2.2.6. fvon(IH) solution 

0.100 M iron(II1) solution was prepared in 
0.050 M sulfuric acid by dissolving exactly about 
24.9 g of pre-dried ammonium ferric sulfate 
NH,Fe(SO,),*l2H,O in 0.050 M sulfuric acid in a 
500 ml volumetric flask. This solution is only used 
after at least 24 h, to guarantee complete dissolu- 
tion. 

2.2.7. SuIfuric acid 
1.0 M solution was prepared by diluting 

AnalaR concentrated acid. 

2.3. Experimental design 

The variables included in the optimization were 
aspiration volume and concentration of iron(II1) 
which were found to greatly influence the peak 
absorbance. Preliminary investigations have re- 
vealed that other performance criteria, such as the 
precision, are of acceptable levels. Three levels of 
the aspiration volume were included, 29.5 $1, 88.5 
~1 and 147.5 ~1, whereas five levels of iron (III) 
were selected in the range 2.0 x 10-3-10.0 x 
lop3 M. Iron(II1) concentration was varied at 
each level of aspiration volume until no further 
improvement in the peak absorbance was ob- 
served, then five levels of iron(III) were selected to 
construct a factorial design. The factorial design 
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was then repeated by nesting the selected iron(II1) 
solutions around the selector valve in a random 
manner in an attempt to minimize any possible 
bias. In all of these experiments 88 ,~l of 200 ppm 
solution of the appropriate drug was aspirated, 
and all experiments for each drug were run within 
1 h. 

2.4. Procedure 

The SI manifold is shown in Fig. 1. The proce- 
dure starts by nesting the drug and iron(II1) solu- 
tions around the selector valve. 80 ,~l of each 
solution was first aspirated into the lines from the 
ports by selecting one port at a time. The excess 
of the solutions introduced in the holding coil was 
then pumped through port 9 to waste. The steps 
of the procedure were then fed into the computer 
as follows. (1) The carrier solution (5.0 x lo- 3 M 
sulfuric acid) is pumped through port 1, by setting 

Fig. 1. Schematic diagram of the sequential analysis apparatus 
used: C, carrier solution’ PP, peristaltic pump; HC, holding 
coil; SV, selector valve; 2, iron(III) solution; 3-8, drug solu- 
tion; 9, auxiliary waste; RC, reaction coil; SP, spectrophoto- 
meter: W, waste; CM, computer. 

the pump in the forward mode, for 25 s. (2) 147.5 
~1 of 1.0 x lo- 3 M iron(II1) solution is aspirated 
into the holding coil via port 2. (3) 88 ,~l of the 
appropriate drug solution is aspirated into the 
holding coil via ports 3-8. Both of the last two 
steps are achieved by setting the pump in the 
reverse mode. (4) Finally the carrier solution is 
propelled through port 1 to the reaction coil and 
then into the detector. The data were then ac- 
quired by the computer and transferred to a plot- 
ting software package for further manipulation. 
The volumes of the solutions were determined 
from the time of aspiration and the volumetric 
flow rate of the pump [ll], which was 29.5 ,~l s-l 
in this study. 

Following Job’s method of continuous varia- 
tion, different aliquots of equimolar solutions of 
iron(II1) and the drug were mixed to give solu- 
tions of identical total concentration (iron(II1) + 
drug) but different mole fractions. Therefore, a 
total volume of aspiration of 162.0 ~1 was con- 
stantly maintained by adjusting the aspiration 
times. The volume of each reagent was varied 
between 14.8 ,~l (0.5 s) and 147.5 ~1 (5.5 s). 

In the molar ratio method the total volume of 
the ligand was maintained constant by aspirating 
147.5 ,~l into the holding coil by flow reversal, 
whereas the iron(II1) solution was varied between 
14.8 ~1 (0.5 s) and 192.0 ,~l (6.5 s). The ionic 
strength of all solutions was adjusted to 0.20 M 
with ammonium sulfate and the sulfuric acid con- 
centration was 5.00 x 10e3 M. 

3. Results and discussion 

3.1. Determination of stoichiometry 

In the sulfuric acid concentration range 5.0 x 
lo- 3-0.60 M, a deep yellow color is formed 
instantaneously when iron(II1) solution is added 
to ciprofloxacin and norfloxacin solutions, indica- 
tive of complex formation. The spectra of the 
complex show absorption bands at 350 nm for 
ciprofloxacin and 370 nm for norlloxacin with 
shoulders extending into the visible region. The 
shoulder, which is responsible for the yellow color 
of the complex, shows a maximum absorbance at 
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447 nm for ciprofloxacin and 430 nm for norflox- 
acin. At these wavelengths the two drugs and 
iron(II1) show negligible absorbance. It has also 
been observed that the intensity of the colored 
complex increases with a decrease in the concen- 
tration of sulfuric acid, which may be due to the 
dissociation of the complex at high acid concen- 
tration. The Job plot of continuous variation was 
used to determine the stoichiometry of the com- 
plexation of ciprofloxacin and norlloxacin with 
iron(II1) in sulfuric acid media. Fig. 2(a) is a 
typical Job plot generated by using equimolar 
solutions of iron(II1) and ciprofloxacin of 1.00 x 
lo- 3 M, whereas Fig. 2(b) shows a Job plot for 
equimolar solutions of iron(II1) and norlloxacin 
of 2.00 x 10 - 3 M. Both plots were produced us- 
ing 5.00 x 10 - 3 M sulfuric acid and an ionic 
strength of 0.20 M. It is clear that the curves 
A =f(Xdrug) exhibit a maximum for the mole frac- 
tions close to 0.66, indicating that the ratio of 
iron(III):drug in the complex is 1:2. Similar plots 
made at sulfuric acid concentrations greater than 
0.025 M gave different results, and the 1: 1 
iron(III):fluoroquinolone complex was found to 
be the dominant species. These findings are in 
agreement with the results published by two inde- 
pendent groups, where a 1: 1 complex was ob- 
tained by one group [15] when iron(II1) was 
complexed with ciprofloxacin at acidities higher 
than 0.025 M, and a 1:2 complex was obtained for 
the complexation of norfloxacin by the other 
group [28] when 5.00 x lop3 M sulfuric acid was 
used. It can also be observed that only 10 min at 
most is needed to generate the Job plot using SIA 
and less than 10 ml is enough to repeat the 
procedure as many times as necessary. 

In the molar ratio method ideally two straight 
lines are obtained when the absorbance is plotted 
versus the iron(II1) to drug ratio, and the point of 
intersection of these two lines corresponds to the 
stoichiometric ratio upon interpolation to the 
mole ratio axis. Fig. 3(a) shows a typical molar 
ratio plot for the complexation of iron(II1) with 
ciprofloxacin, with peaks 1 - 11 being produced by 
varying the molar ratio of iron(II1) to drug from 
0.1 to 1.1 in steps of 0.1. In contrast Fig. 3(b) 
represents a molar ratio method for the complexa- 
tion of norlIoxacin with iron(II1); here the molar 
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Fig. 2. SIAgram representing Job’s plot: (a) [iron(III)] = 
[ciprofloxacin] = 1 .OO x IO - 3 M; (b) [iron(III)] = [nortlox- 
acin] = 2.00 x 10 - 3 M; [HaSo = 5.00 x 10V3 M; ionic 
strength = 0.20 M; total volume is equivalent to 162.0 ~1 and 
aspiration volumes were varied between 14.5 ~1 and 147.5 ,ul. 
Mole fractions of the drug were: (I) 0.0; (2) 0.10; (3) 0.20; (4) 
0.3; (5) 0.40; (6) 0.50; (7) 0.60; (8) 0.70; (9) 0.80; (IO) 0.90; (11) 
0.95; (12) 0.97. 
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ratio of iron(II1) to drug was varied from 0.1 acid concentration was 5.00 x 10W3 M. It is obvi- 
(peak 1) to 1.3 (peak 13) in steps of 0.1. These ous from these plots that the point of intersection 
plots were produced using equimolar solutions of of the two lines is close to 0.5 when extrapolation 
iron(II1) and the corresponding drug. The ionic is made to the molar ratio axis, indicating a 1:2 
strength was adjusted to 0.020 M and the sulfuric ratio for iron(III):drug. 

It is likely that incomplete mixing of the 
reagents with the drug might take place due to 
dispersion and zone penetration; however, nesting 
the solutions around the valve, followed by get- 
ting rid of the excess, plus automated aspiration 
with exact computer control of timing would cer- 
tainly minimize this problem. If mixing was still 
not complete it would lead to a constant error in 
both the drug and reagent concentrations that 
would pose no problem with the data obtained 
and in calculating the mole ratio. However, the 
correction factors which can be introduced from 
the zone penetration and dispersion were found to 
have a very minor effect on the data obtained. 
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Fig. 3. SIAgram representing molar ratio plots: (a) 
[iron(W)] = [ciprofloxacin] = 1.00 x 10W3 M; (b) [iron(III)] = 
[notioxacin] = 2.00 x 10 ~’ M; [H,SO,] = 5.00 x 10W3 M; 
ionic strength = 0.20 M; total volume of the drug was 147.5 
~1; aspiration volumes of iron(II1) solution were varied be- 
tween 14.5 ,uI (peak 1) and 192 ,~l (peak 13). 

It is well known that iron(II1) has its greatest 
affinity for ligands that coordinate via oxygen 
[29]. It has also been reported [30,31] that 
fluoroquinolones are present in different forms in 
aqueous media, including neutral molecules and 
zwitterions, as well as monoprotonated and dipro- 
tonated species depending on the pH of the 
medium. For instance, at low acid concentrations 
the neutral species together with the monoproto- 
nated species are the predominant forms, whereas 
at highly acidic concentrations the proportion of 
the diprotonated form increases greatly. Therefore 
it can be suggested that iron(II1) complexes 
ciprofloxacin and norfloxacin by binding to the 
carboxylate group and to the adjacent keto group 
in the 3 and 4 positions respectively, thus forming 
a six-membered ring, as shown previously [12]. 

3.2. Formation constants 

The formation constant and the composition of 
the complex of iron(II1) with ciprofloxacin and 
norfloxacin were also investigated by numerical 
methods. The Jobcon program [32] was used to 
analyze the continuous variation data whereas the 
MRLET program was utilized to treat the molar 
ratio data [33]. Both programs were modified by 
the authors, were rewritten in C language and 
applied on a PC/AT computer. The calculations 
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are based on fitting a function f(x, /3) to a set of 
experimental data, using a least-squares method. 
Unknown parameters are estimated by minimiz- 
ing U, the sum of squares of residuals defined by 
Eq. (1): 

u= i CAexpi - Acaki)2 (1) 
i=l 

where it represents the number of experimental 
points, Aexp the experimental absorbance, and 
A ca,c =f(x, b), the absorbance calculated by the 
program from the formation constants and stoi- 
chiometric ratios. Therefore, various equilibrium 
models could be fitted to the experimental data 
iteratively by varying the values of formation 
constants and the stoichiometric ratios. 

In this study different total concentrations of 
iron(II1) and drug were used to determine the 
equilibrium constants. The mean values of the 
logarithms of formation constants (log K,) ob- 
tained for ciprofloxacin and norfloxacin in 5.00 x 
10W3 M sulfuric acid and at 0.20 M ionic strength 
were 7.756 f 0.121 and 7.839 f 0.056 respectively. 
The value reported earlier for norfloxacin was 
8.60 [28]. It is apparent from these results that the 
value of the formation constant for the 1:2 
iron(III)-norfloxacin complex is close to the 
value reported earlier [28]. It was also observed 
that the stoichiometry and the value of the forma- 
tion constant are independent of the total concen- 
tration of the metal ion and the ligand. 

3.3. Optimization 

The factorial design experimental data for 
ciprofloxacin and norfloxacin systems are given in 
Table 1. In order to determine the optimum ex- 
perimental condition for the assay of these drugs, 
based on their complexation with iron(II1) in 
sulfuric acid media, an ordinary least-squares 
method [33] was used together with an exhaustive 
search for the best regression model (all-model 
search) to find a model which correlates peak 
absorbance with the concentration and aspiration 
volume of iron(II1). Before undertaking any 
statistical analysis the factors were scaled within 
the range + 1 to simplify the interpretation of the 
regression coefficients when the relative impor- 

Table 1 
Factorial design for optimization of iron(I11) concentration 
and aspiration volume 

[Iron(III)~ Aspiration Peak height (mm) 
volume” 

Ceprofloxacin Norfloxacin 

-1.0 I 50 46 
-0.5 I 58 58 

0.0 I 62 68 
0.5 I 65 13 
1.0 I 64 76 

-1.0 0 47 34 
-0.5 0 57 50 

0.0 0 62 61 
0.5 0 65 68 
1.0 0 65 72 

- I.0 -I 36 I7 
-0.5 -I 48 32 

0.0 -I 55 42 
0.5 -I 59 51 
I.0 -I 56 56 

a Coded levels 

tance of factors is compared. 
The all-model search was utilized to investigate 

all possible models with 1,2,..., k parameters. 
Quadratic, cubic and two-factor interactions were 
included to obtain the best model. The test statis- 
tic used here is an F ratio of the form [34] 

F = (SSE, - SSE,)/r 
SSE,/(N - P) 

where SSE, and SSE, are the residual sum of 
squares associated with the reduced model and 
the complete model, i.e. models with i - 1 and i 
parameters, respectively, r is the difference in the 
number of parameters in the reduced and com- 
plete models, P is the number of parameters in the 
complete model and N is the number of experi- 
ments. The best models, ones that are significant 
to the F test at the 97.5% level and characterized 
by the highest coefficient of multiple regression 
R2, were found to be five parameter models for 
both ciprofloxacin and norIIoxacin systems and 
are given as follows: 

PH = 62.63 + 8.671+ 4.40 I’- 6.861* 

- 4.00V2 (R* = 0.973) (3) 
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Fig. 4. Response surface plot as a function of iron(II1) concentration and aspiration volume. 

PH = 60.94 + 17.87Zt 12.91 V- 6.291* 

- 5.30V2 (R2 = 0.964) (4) 
for ciprofloxacin and norlloxacin systems respec- 
tively, where PH is the peak height (mm), I is the 
iron(II1) concentration and V is the aspiration 
volume. When the five parameter (four indepen- 
dent variables and an intercept) model was com- 
pared with the four parameter model, using the F 
test described by Eq. (l), the F values obtained 
were 20.5 and 8.99, for ciprofloxacin and norflox- 
acin systems respectively, and were found to be 
highly significant at the 97.5% level (F,,, = 6.94). 

The predictive ability of the selected model was 
evaluated by the leave-one-out cross validation 
method [34]. The values obtained for the co- 
efficient of multiple determination in prediction 
for ciprofloxacin and norfloxacin systems were 

0.972 and 0.967 respectively suggesting that the 
models can be used for optimization purposes. 
Determination of the optimum experimental con- 
ditions for the assay of the two drugs was then 
executed using a modified simplex algorithm as a 
search method and the regression models ob- 
tained by this strategy were 147.5 ,~l for the 
aspiration volumes for both systems whereas 
1.00 x lo-* M and 8.0 x lop3 M values were 
obtained for iron(II1) concentrations for cipro- 
floxacin and norfloxacin systems respectively. Fig. 
4 shows a surface plot as a function of iron(II1) 
concentration and aspiration volume for the 
ciprofloxacjn system. It is apparent from this 
figure that higher levels of both iron(II1) concen- 
tration and aspiration volumes are favorable for 
the assay of this drug as the peak absorbance 
reaches a plateau region. 
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Fig. 5. Typical SI results of ciprofloxacin standard solutions 
of: (1) 50; (2) 100; (3) 200; (4) 300; (5) 400; (6) 500 ppm; (7) 
five runs of 215 ppm Ciprobay tablets; (8) 210 ppm Ciprobay 
infusion. 

3.4. Analytical appraisal 

Series of standard solutions were run for the 
two drugs as typically shown in Fig. 5 for 
ciprofloxacin. A weighted regression line [35] was 
plotted for absorbance vs. concentration by giving 
minimum weighting for the lower and upper con- 
centrations and full weighting for the others. The 
linear range was found to be between 50 and 500 
ppm for ciprofloxacin and between 50 and 400 
ppm for norfloxacin with the following calibration 
equations: 

A = 0.0280 + 4.592 x 10 P4C (R* = 0.995) (5) 

Table 2 

A=0.0115+6.451 x 10-4C (R*=0.999) (6) 

where A is the peak absorbance and C is the 
concentration (ppm). 

3.5. Application 

The proposed method was applied to the assay 
of some proprietary drugs containing ciproflox- 
acin and norfloxacin and the results are shown in 
Table 2. Ciprobay tablets and ciprobay infusion 
(Bayer) with five runs are represented by the 
groups of peaks 7 and 8 respectively in Fig. 5. The 
method was statistically compared to the previous 
FIA methods [15,16] and the results obtained 
(Table 2) indicate that a similar degree of accu- 
racy can be obtained with the SIA and FIA 
methods. In the FIA method both drugs were 
injected into a continuous stream of iron(II1) 
solution to form a brown-red complex which is 
monitored at 447 nm and 430 nm for cipro- 
floxacin and norfloxacin respectively. It can also 
be suggested from these results that the proposed 
method is suitable for the determination of these 
two drugs in pharmaceutical products without 
any interferences from compounds usually added 
to such fomulations. The SIA method is superior 
to the FIA method with respect to considerably 
lower reagent consumption. Although FIA is 
characterized by a high sampling frequency SIA is 
easier to operate and optimize because only a 
single pump and a single valve are used. Also the 
ease of use of the automated SI system rendered 
the generation of plenty of data in a short period 
of time a simple task. 

Results obtained by the proposed SIA method an by FIA [15,16] for analysis of ciprofloxacin an norlloxacin in proprietary drugs. 

Drug Supplier Active material Mean recovery k SD(%)’ tb 

SIA FIA 

Ciprobay tablets Bayer Ciprofloxacin, 250 mg 
Ciprobay infusion Bayer Ciprofloxacin, 2000 ppm 
Noroxin tablets Merck Sharp and Dohme Norfloxacin, 400 mg 

=n = 5. 
bCalculated t test value [theoretical value = 2.78 (p = O.OS)]. 

100.8 f 0.94 101.8 f 0.96 2.38 
99.4 + I .oo 100.3 + 0.68 2.01 
99.8 + 0.67 100.7 * 0.55 2.31 
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Abstract 

An accurate high performance liquid chromatography method for the separation and quantification of a solution 
mixture of nitrazepam, diazepam and medazepam and medazepam was developed. The modified simplex program has 
been utilized for the optimization of the chemical and chromatographic parameters using the chromatographic 
response function as the quality criterion and a photodiode array as a detector. The separation was achieved in 2 min 
using a 20 cm long, 4.6 mm diameter Lichrosorb Cl8 reverse phase column. A 5 ,~l solution mixture containing 10 
ppm of each drug was injected into a mobile phase containing 89: 11 v/v acetonitrile: acetate buffer and a flow rate 
of 3.44 ml min- ’ was found to be optimal. The method was found to be suitable for the determination of these 
compounds in proprietary drugs without suffering interferences. 

Keywords: High performance liquid chromatography; Diode array detector; Modified simplex optimization; Benzodi- 
azepines 

1. Introduction 

High performance liquid chromatography 
(HPLC) in combination with a diode array detec- 
tor (DAD) is now considered the most powerful 
multicomponent mixture separation technique. 
This paper demonstrates the novelty of this tech- 
nique for the separation and quantification of an 
important family of drugs, the benzodiazepines. 

* Corresponding author. Fax: (966) 03-860-4277. 

Benzodiazepines, mainly nitrazepam (NZP), di- 
azepam (DZP) and medazepam (MZP), are psy- 
chotherapeutic agents. They have hypnotic, 
tranquilizing, anti-depressive, sedative and anti- 
convulsant properties. Benzodiazepines are chemi- 
cally characterized by the presence of a phenyl 
ring fused to a saturated seven-membered ring 
with nitrogen at the 1 and 4 positions. They 
undergo extensive metabolism, therefore it is es- 
sential that the assay method be sensitive, specific 
and capable of separating and determining parent 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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drugs and major metabolites. However, various 
methods for the separation of the benzodiazepines 
have been reported in the literature [l - 121, most 
of which are HPLC methods. Different mobile 
phase combinations such as methanol-water and 
acetonitrile-water with and without phosphate or 
acetate buffer were used. In some cases triethy- 
lamine was added to the mobile phase to act as a 
modifier [l 11. However, many workers have not 
used state-of-the-art technology for efficient, reli- 
able optimization but have mainly relied on 
conventional one-factor-at-a-time methods. This 
paper utilizes the modified simplex program for 
successful optimization of instrumental as well as 
system parameters such as acetonitrile/acetate 
buffer comination ratio, flow rate of elution and 
sample volume, thus affecting the quality of the 
separation and the quantification of these com- 
pounds. It is important to note here that simplex 
optimization was first introduced with HPLC sep- 
aration in 1973 by Morgan and Deming [14,15] 
and is now considered mandatory by virtue of its 
availability, simplicity and rapidity in obtaining 
proper optimal conditions in a pre-selected time. 

2. Experimental 

2.1. Apparatus 

A Water system equipped with a Waters Model 
600E multi-solvent delivery system, a Waters 991 
series photodiode array detector, a Waters Intelli- 
gent Sample Processor (WISP) model 712, and an 
NEC Power-mate 2 Data Station, equipped with 
Waters 5200 printer plotter, were used. 

2.2. Stationary phase 

A Lichrosorb RP-18 (C18), 10 p, 20 cm x 4.6 
mm i.d. stainless-steel column from Hewlett-Pack- 
ard was used. 

2.3. Mobile phase 

Acetonitrile (Burdick & Jackson, HPLC grade) 
filtered through a 0.22 mm GV Millipore filter 
was used together with 0.1 M ammonium acetate 

buffer (pH 6.0, adjusted with acetic acid) prepared 
with triply-distilled, organic-free water from a 
Mini-Q system (Millipore) and filtered through a 
0.45 mm Millipore filter. The mobile phase was 
sparged with He gas at a rate of 20 ml min - ’ 
prior to, and throughout, the analysis. 

2.4. Standard stock solutions and drug tablets 

Analytical grade samples of the drugs NZP 
(1,3-dihydro-7-nitro-5-phenyl-2H-l,Cbenzodiaze- 
pine-Zone), DZP (7-chloro-1,3-dihydro-l-methyl- 
5-phenyl-2H-l,4-benzodiazepine-2-one) and MZP 
(7-chloro-2,3-dihydro-1-methyl-5-phenyl-lH-1,4- 
benzodiazepine) were supplied by Roche Co. 
(Switzerland). Standard stock solutions of NZP, 
DZP and MZP were prepared by dissolving ex- 
actly about 0.1 g in CH,CN and making the 
volume up to 100 ml. To give a concentration of 
1 mg ml - ‘, working standards were prepared by 
appropriate dilutions. 

Drug tablets were prepared by crushing to pow- 
der five tablets after accurate weighing. A weighed 
portion of powder, equivalent to 5 mg nitrazepam 
and 10 mg diazepam, was carefully transferred to 
a beaker. Then about 40 ml of mobile phase of 
acetonitrile: acetate buffer, 89: 11, was added, son- 
icated while heating for 30 min and filtered 
through a 0.45 mm filter (Millipore). The filtrate 
was washed several times with warm mobile 
phase, and the volume was made up to 100 ml 
with the mobile phase to give a concentration of 
50 ppm nitrazepam and 100 ppm diazepam. Fur- 
ther dilutions were made to yield claimed concen- 
trations of 5 and 10 ppm respectively. A mixture 
of 10 ppm of each was used throughout the 
analysis. 

2.5. System conditioning 

All lines were degassed, the column was condi- 
tioned by passing the mobile phase for 30 min, the 
on-column pressure limit was set to O-6000 psi, 
and the DAD was warmed up for lo-15 min 
prior to analysis to condition the optics, flow cell 
and diode array. The sampling time was adjusted 
to 55-63 x 8 ms to give maximum sensitivity, the 
wavelength range was 230-282 nm with a resolu- 
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Table 1 
Simplex optimization of HPLC variables for method development for the mixture of benzodiazepines (10 ppm each). Steps of 4, 4, 
0.6 and 98 were taken for CH,CN, buffer, flow rate and drug concentration respectively. 

Expriment No.” %CH,CN % Buffer Flow rate 
(ml min’) 

Cont. (ng) CRF 

1 85.00 15.00 2.50 100 14.03 
2 87.83 12.17 2.62 111 12.94 
3 85.71 14.29 2.97 111 15.51 
4 85.71 14.29 2.62 145 13.42 
5R 83.11 16.89 2.78 126 14.20 
6R 83.51 16.49 2.88 80 15.13 
7R 83.22 16.78 3.25 112 11.34 
8R 84.56 15.45 2.69 103 14.13 
9R 83.66 16.34 3.06 109 15.09 
10 R 85.47 14.53 3.17 74 15.55 
11 E 86.65 13.35 3.36 47 17.15 
12 R 86.91 13.09 3.08 50 15.48 
13 R 89.34 10.66 3.40 59 18.97 
14 R 87.55 12.45 3.41 95 17.68 
15 c 86.78 13.22 3.18 89 16.49 
16 C 87.31 12.69 3.29 78 16.72 
17 R 88.38 11.62 3.50 56 20.35 
18 c 87.54 12.46 3.40 59 18.24 
19 R 89.29 10.71 3.45 21 19.41 
20 R 90.47 9.53 3.50 32 24.09 
21 c 89.36 10.64 3.44 48 24.64 
22 c 89.34 10.66 3.47 33 22.25 
23 R 91.07 8.94 3.44 19 23.37 
24 R 91.25 8.75 3.45 33 21.20 
25 C 89.82 10.18 3.46 33 21.02 

a R = reflection; C = contraction; E = expansion. 

tion of 1.4 nm, the analysis time range was a 
minimum of O-3.5 min, with an interval of 1.96 s, 
accumulation and smoothing was for seven 
points, drift was 0.002 AU min - ‘, the baseline 
was corrected from 0.03-3.5 min, and the Y-scale 
was 0.185 AU FS and then adjusted automatically 
by the system. These conditions enable peak de- 
tection of a minimum height of 1 x 10 -’ AU and 
a minimum area of 1 x lop5 AU min-‘. 

2.6. Procedure 

The mobile phase of acetonitrile: acetate buffer 
(89:ll v/v) was allowed to flow at a rate of 3.44 
ml min’ at room temperature for about 30 min 
to condition the column and the detector cell. A 
5 ~1 solution mixture was injected into the 
column. The separated compounds were allowed 

to pass the DAD through a 1 cm flow cell for a 
fixed time of 3 min. The absorbance was moni- 
tored in the range 230-282 nm but requested only 
at 254 nm on the screen, and finally recorded on 
the flow chart printer. 

3. Results and discussion 

3.1. Optimization 

The modified simplex method [16-201 of the 
COPS (Chemometrical Optimization by Simplex) 
program (Elsevier, Amsterdam, was used for the 
optimization of the variables considered to be 
most affecting the separation of the mixture com- 
ponents. These are: the percentage of acetonitrile 
and the percentage of the acetate buffer combined 
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Fig. 1. Three-dimensional surface diagram showing the effect of the binary mobile phase ~a~tonitril~~ acetate buffer) on the CRF. 

and depending on each other, thus constituting a 
binary mobile phase as one variable. The ot.her 
two variables are the flow rate of elution and the 
sample volume injected for a specific known con- 
centration. The optimization procedure was car- 
ried out for a wide range (S-50 ppm) of 
concentration of each drug in the mixture and run 
at room temperature using a Lichrosorb Cl8 
column of 4.6 mm diameter and 20 cm length, 
with absorption measured at 254 nm using the 
DAD. 

The modified simplex program was started by 
introducing upper and lower boundary conditions 
for the above three factors, determined by con- 
ducting preliminary experiments as follows: If&- 
80% for CW,CN; O-20% for the buffer; 4.G13 
ml min- i for the fiow rate and l-50 ~1 sample 
volumes of IO ppm each results in 10-500 ng for 
the drug concentration. Experiments 1-4 in Tabie 
1 show the values of the three parameters desig- 
nated as the initial simplex conditions. 

The chromatographic response function (CRF) 
earlier adopted by Wright et al. [ZI] of the follow- 

ing form was chosen as the quality criterion: 
n-1 

CRF- c R,+n-jTA--TLI 
i= 1 (1) 

where Rj is the resolution between adjacent peak 
pairs, tl is the number of peaks detected, T, is the 
target retention time in seconds for the last peak, 
and 7” is the retention time for the last peak. 
However, a computer program has been written 
in BASIC for the calculation of the CRF. It in- 
cludes all necessary equations. The program en- 
sures that any retention time for the last peak, 
that occurs within I 1 min of the target time, TA, 
is equally acceptable, since the last term in the 
CRF is only included if it exceeds 1 min. The 
target retention time used in the present work is 2 
min. 

In the modified simpIex program, the reduction 
step is simply one experiment and not (n + l), 
where PI is the number of optimized parameters, as 
in the case of the normal simplex method. In the 
contraction step, the worst point is replaced by 
one in the middle of the worst and best points. In 
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Fig. 2. (a) An optimized chromatogram for experiment No. 21 during the simplex search for method development. (I) nitrazepam; 
(2) diazepam; (3) medazepam; column, Lichrosorb C18; mobile phase, acetonitrile: acetate buffer, 89:ll; flow rate, 3.44 ml min- ‘; 
detection, DAD at 254 nm; concentration, IO ppm each. (b) An un-optimized chromatogram in the early investigation for method 
development. (1) nitrazepam; (2) diazepam; (3) medazepam; column, Lichrosorb Cl 8; mobile phase, acetonitrile:acetate buffer, 
5O:SO; flow rate, 2.50 ml min- ‘; detection, DAD at 254 nm; concentration, 10 ppm each. 

reduction, contraction, reflection and expansion 
steps, the modified simplex program uses the 
differences in the responses at the vertices to 
estimate the vertex with a better response. When 
the vertex with the worst response is reflected 
through the centroid of the simplex, three vertices 
are located on a straight line. After contraction or 
expansion the new vertex will also be on the same 
line. Measuring the response in the centroid re- 
sults in three responses. An estimation of the 
position of the next vertex on the line, which 
probably gives a better response, is formed by 
fitting a second order model or a Gaussian model 
through these three responses. The position of the 
maximum of the fitted function provides the loca- 
tion of the next vertex. The results of the modified 
simplex progress are introduced in Table 1 and 
experiment number 21 indicates optimum condi- 
tions with the highest CRF value. The simplex 
was halted at experiment 25 as there was no 
further significant improvement towards the maxi- 
mization of the CRF value. The data obtained 
indicate that the effect of variation of acetoni- 

trile-buffer concentration ratio is more significant 
on the CRF value than the other two parameters 
are. This could be attributed to the acetonitrile 
being a highly dipolar aprotic solvent with a small 
autoprotolysis constant (p&s = 33.6) and a rela- 
tively high dielectric constant of E = 36.0 [22]. Fig. 
1 shows the interactive effect of this binary mobile 
phase on the CRF on a three-dimensional surface, 
thus visualizing the movement of the simplex to- 
wards the optima in a hill-climbing way as the 
mobile phase combination changes, i.e. the CRF 
increases as actonitrile increases and the acetate 
buffer decreases. 

It is worth mentioning here thatthe mechanism 
of the retention of benzodiazepines in the reverse 
bulky hydrocarbonaceous moiety of Lichrosorb 
Cl 8 stationary phase is stronger (London forces) 
than in the mobile phase [23]. The reverse holds 
true when considering parameters reflecting the 
ability of the solute to take part in different, 
stronger types of bonding such as charge transfer, 
hydrogen bonding, etc. With all the above consid- 
erations together with the help of the modified 
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Table 2 
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Analytical appraisal for standard solutions of nitrazepam and diazepam using the external addition method. 

Compound Calibration equation” rZb Concentration (ppm) 

Nitrazepam 
Diazepam 

A = 6.3557 x lO-5+1.O656x 10-4C 0.9993 o.2P200 
A = 1.0082 x 10m5+ 1.0238 x 10m4C 0.9991 0.2-200 

a A = absorbance; C = compound concentration (ppm).” Correlation coefficient 

simplex optimization, it was feasible to separate 
the three components in the mixture in less than 
the 2 min predetermined initially. Fig. 2(a) shows 
the optimized chromatograms obtained around 
the optimum conditions; in comparison Fig. 2(b) 
shows a chromatogram under other conditions 
(same as optimum except an acetonitrile: acetate 
buffer ratio of 5050 and a flow rate of 2.5 ml 
min - ’ were used). Note that the run was carried 
out in 12 min and the separation was poor. 

The optimum conditions are as follows: ace- 
tonitrile: acetate buffer, 89: 11; flow rate, 3.44 ml 
min- ‘; injected volume of 5 ~1 of each 10 ppm 
mixture; ambient temperature; a Lichrosorb Cl8 
column of 4.6 mm diameter and 20 cm length; 
and UV DAD monitored at 254 nm. These condi- 
tions were used in the analytical appraisal as well 
as the application. Peaks were identified by the 
method of iterative elution of the drugs at the 
same optimum conditions. The order of elution 
was found to be nitrazepam, diazepam and 
medazepam. 

4. Analytical appraisals 

The external addition method was used to 
judge the analytical appraisal by using different 
series of standard solutions of the drugs. The 
results obtained are to be found in Table 2, and 
indicate excellent linearity and reasonable dy- 
namic range. 

For application and determination of the drugs 
in proprietary forms either the above external 
method or the internal addition method could be 
used as long as any of these compounds could be 
used as an internal standard. 

The benzodiazepine drugs are controlled and 
the only two made available for our investigation 

was Mogadon (Roche) containing 5 mg ni- 
trazepam and Valume (Roche) containing 10 mg 
diazepam. A solution mixture was prepared as in 
the method above and used under the optimized 
conditions. No interference peak from excipients 
present with the tablets could be detected indicat- 
ing successful application of the method to the 
dosage forms. The results of analysis of these 
proprietary drugs (see Table 3) were statistically 
compared with those obtained using the standard 
official method [24,25]. The parameters and condi- 
tions of both methods are summarized in Table 4. 
The Student t-test values obtained indicated no 
significant difference in the mean recovery results 
for diazepam between the official and developed 
methods. 

The results obtained showed that our present 
method is precise, accurate and suitable for the 
determination of these compounds in drug formu- 
lations. It is faster (analysis time is 2 min) and 
more specific than the other existing methods. 

5. Conclusion 

The modified simplex program and the sophisti- 
cation of the DAD system resulted in successful 
chromatographic and chemical optimization con- 
ditions thus giving an excellent separation in a 
reasonable requested time. This makes the current 
method the fastest of those adopted for these 
compounds. The modified simplex program could 
be used for the optimization of similar chromato- 
graphic separations. 
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Statistical analysis of the results obtained by the present method compared with those obtained by the official method for the 
analysis of nitrazepam and diazepam proprietary drugs 

Drug Active ingredient Supplier Mean recovery + SD (‘XI) tb 

Mogadon 
Valume 

Nitrazepam 5 mg 
Diazepam IO mg 

Roche, Switzerland 
Roche, Switzerland 

Present 

101.4* 1.4 
101.6 f 1.6 

Official’ 

- 

100.2 f I.5 1.53 

“n = 5. 
‘Theoretical value = 2.31; n = 5. 
‘Ref. [l9]. 

the research institute for allowing him to use their 
facilities and to read for an M. SC. degree in the 
chemistry department. 

[I] J.K. Lawrence, A.K. Larsen and I.R. Tebbett, Anal. 
Chim. Acta., 288 (1994) 123. 

[2] F.T. Noggle, CR. Clark and J. De Ruiter, J. Liq. Chro- 
matogr., I3 (1990) 4005. Table 4 

Comparison of the developed HPLC method with the official [3] I.S. Lurie, D.A. Cooper and R.F.X. Klein, J. Chro- 
adopted method [20] for the assay of diazepam in tablets. matogr., 598 (1992) 59. 
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Ther. Drug Monit., 5 (1983) 303. 

[5] B. Kinberger and P. Wahrgren, Anal. Lett., I5 (1982) 549. 
[6] H.B. Greizerstein and C. Wojtowicz, Anal. Chem., 49 

(1977) 2235. 

Parameter Official method Developed method 

HPLC system 
column 

Mobile phase 

Flow rate 
Temperature 
Injection system, 
inj. vol. 
Detector, 
wavelength 
Detector 
sensitivity 
Diazepam 
standard, solvent 
Diazepam tablets 

Tracer 950 solvent Waters 600E 
pump Cl8 solvent pump Cl8 
Bondapack, 101, Lichrosorb, IO p, 
stainless-steel, 30 stainless-steel, 20 
cm x 3.9 mm id. cm x 4.6 mm i.d. 
(Waters (Hewlett-Packard) 
Associates, Inc.) 
MeOH: water, MeCN:acetate 
65:35 buffer, 89: I I 
I.2 ml min’ 3.44 ml min-’ 
Ambient Ambient 
Auto-manual, Autoinjection, 5 
IO-20 PI PI 
Tracer 970A UV, Photodiode array 
254 nm 991, 254 nm 
60&90% AUFS 80-90% AUFS 

Calibration 
method 
Diazepam 
retention time 
Detection limit 
Recovery 
Accuracy 

USP Ref. Std., 
MeOH 
Unknown 

Internal Std., 
p-tolualdehyde 
>8.0 min 

Roche Generic 
Std., MeCN 
Valume, Roche, 
Switzerland 
External Std. 

< 1 .O min 

Unknown 
103.2% 
0.20 ppm 

200 ppb 
101.6’% 

0.11 ppm 
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Abstract 

A simple and rapid spectrophotometric method for the determination of Isoproturon and Metoxuron is described 
based on alkaline hydrolysis of the compounds to their corresponding primary amines, followed by diazotization and 
coupling with ethylacetoacetate in alkaline medium. The chromogenic species obeys Beer’s law up to 15 and 9 pg 
ml - ’ for Isoproturon and Metoxuron respectively. The method is successfully applied for technical and formulation 
samples with RSD in the ranges 0.48-0.72, 0.86-1.32 and 0.66-0.74, 0.27-0.69 for technical and formulation grade 
samples of Isoproturon and Metoxuron respectively. The advantages over the earlier methods are discussed. 

Keywords: Spectrophotometry; Isoproturon; Metoxuron 

1. Introduction 

Among the phenylurea herbicides, N,N- 
dimethyl-N’-[-( 1 -methyl ethyl) phenyl] urea and 
N’ - (3 - chloro - 4 - methoxy phenyl) - N,N - dimethyl 
urea popularly known as Isoproturon (IPN) and 
Metoxuron (MTN) respectively, are widely used 
for the control of different weed species in cereals 
and carrots. The need for a simple method for 
their routine analysis and quality evaluation in 
technical and formulation grade samples is ac- 
knowledged. Titrimetric [l], GC [2] and UV spec- 

trophotometric [3] methods are available for this 
purpose and are unsuitable for routine use for the 
reasons previously outlined [4,5]. The use of cou- 
pling reactions of diazo derivatives of primary 
amines with phenols, amines and carbanions is 
known for their analysis. Coupling reactions with 
carbanions have been by far the least explored, 
and in particular application to pesticides has not 
been reported. Ethylacetoacetate, with an active 
hydrogen atom, is a simple useful carbanion- 
yielding reagent that can be used for coupling 
with diazonium salts [6-S]. During further inves- 
tigations on analytical methods, we developed yet 

* Corresponding author. another simple and rapid spectrophotometric 
’ IICT Communication No. 3538. method based on the coupling reaction of ethyl- 
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acetoacetate, a common chemical, in strong alkali 
medium with the diazonium salt obtained after 
hydrolysis and subsequent diazotization and the 
results are presented here. 

2. Experimental 

2.1. Apparatus 

A Parkin-Elmer Model Lambda-2 UV-Visible 
spectrophotometer with 1 cm matched quatrz cells 
was used. 

2.2. Reagents and materials 

acid were added for IPN and MTN respectively 
and the flasks were heated in a water bath for 
about 30 min (IPN) and 5 min (MTN). The flasks 
were then removed from the water bath and 
cooled to room temperature after which 1.0 ml 
and 0.75 ml of 1.0% sodium nitrite solution were 
added for IPN and MTN respectively and the 
flasks allowed to stand for 5 min. Then 0.5 ml 
(IPN) and 0.25 ml (MTN) 5.0% sulfamic acid 
solution were added, the flasks were stood for 5 
min, 1.0 ml 0.5% ethyl acetoacetate solution and 
2.0 ml 50.0% sodium hydroxide solution were 
added to each flask and distilled water was added 
to 10 ml. The absorbances of the solutions were 
measured at 398 nm (IPN) and 400 nm (MTN) 
against distilled water blank. 

All the chemicals used were of AnalaR grade. 
The following solutions were prepared: 0.5 N and 
0.8 N sulfuric acid (Loba Chemicals, Bombay) in 
water; 1.0% w/v sodium nitrite (Qualigens, Bom- 
bay) in water; 5.0% sulfamic acid (Loba Chemi- 
cals, Bombay) in water; 0.5 and 5.0% v/v 
ethylacetoacetate (Reidel, Germany) in methanol; 
50.0% w/v sodium hydroxide (Qualigens, Bom- 
bay) in water; 0.5 N sodium hydroxide in 
methanol. 

2.5. Technical grade samples 

Standard IPN was supplied by M/s Bharat 
Pulverising Mills, Bombay and used as received. 
MTN was supplied by the Pesticides Division, 
IICT, Hyderabad and was used after recrystalliza- 
tion in hot water. 

About 80 mg of technical grade sample was 
weighted accurately and dissolved in 50 ml 
methylene chloride. The solution was treated with 
1 N hydrochloric acid and the organic layer was 
evaporated. The residue was dissolved in 
methanol and diluted to 50 ml in a standard flask. 
A 3.0 ml portion of solution was further diluted 
to 50 ml with methanol and then 1.0 ml was 
extracted and subjected to analysis using the gen- 
eral procedure. 

2.3. Preparation of standard herbicide solutions 2.6. Formulation samples 

Standard herbicide solutions were prepared by 
dissolving 80 mg herbicide in methanol and dilut- 
ing to 50 ml in a standard flask from which 3.0 ml 
was taken and diluted further to 50 ml with 
methanol and then used as working solutions. 

2.4. General procedure 

A 1.0 ml portion of working sample solution 
was transferred into a 10 ml standard flask to 
which 1.0 ml 0.5 N methanolic sodium hydroxide 
was added and allowed to stand for 5 min to 
ensure complete hydrolysis. After evaporating the 
solvent, 1.25 ml 0.8 N and 0.75 ml 0.5 N sulfuric 

About 160 mg and 110 mg of formulations of 
IPN and MTN respectively were weighed accu- 
rately, 50 ml of methylene chloride was added and 
the samples were centrifuged. The organic layer 
was evaporated after treatment with 1 N hy- 
drochloric acid. The residue was dissolved in 
methanol, diluted to 50 ml, and 3.0 ml portions of 
the solutions were diluted to 50 ml with methanol 
and 1.0 ml was used for subsequent analysis using 
the general procedure. 

Synthetic formulations (80%) as wettable 
powders for MTN were prepared [9] and analy- 
sed owing to the non-availability of commercial 
formulations. 
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3. Results and discussion Table 1 
Beer’s law, precision and accuracy 

3.1. Optimisation of reaction variables Parameter IPN 

Typical absorption spectra of IPN and MTN 
are shown in Fig. 1. The reaction variables have 
been optimised to obtain maximum colour devel- 
opment by varying one variable at a time while 
keeping the others constant. The optimum con- 
centrations of the various reagents for IPN and 
MTN respectively are found to be 1.0 ml 0.5 N 
methanolic sodium hydroxide, 1.25 ml 0.8 N and 
0.75 ml 0.5 N sulfuric acid, 30 min and 5 min 
heating time, 1 .O ml and 0.75 ml 1% sodium 
nitrite, 0.5 ml and 0.25 ml 5% sulphamic acid and 
1.0 ml 0.5% ethylacetoacetate followed by 2.0 ml 
50% sodium hydroxide. 

A,,, (nm) 
Beer’s law limit 

(a ml-‘) 

398 400 
I5 9 

Molar absorptivity 
(E) (1 mol-’ cm-‘) 

1.37 x I04 2.33 x IO“ 

Slope 
Intercept 
Correlation coefficient 
Regression equation 

0.0608 0.0963 
0.0351 0.0192 
0.9995 0.9958 
y = 0.0608x y = 0.0963x 

f0.0351 +0.0192 

and therefore its evaporation is recommended for 
further procedure after hydrolysis. 

Although methanolic sodium hydroxide brings 
about rapid hydrolysis [lO,l l] of the present her- 
bicides, methanol affects the colour development 

Variations in absorption measurements are ob- 
served when made against reagent blank. Upon 
further investigation it is found that the reagent 
blank is not stable. It is found that the variation 
in the absorbance of the blank is due to insuffi- 
cient quantity of sulfamic acid being used to 
destroy the excess nitrite [12]. However, with the 
use of further excess of sulfamic acid, although 
the blank absorption is found to be constant, the 
absorbance of the sample decreases (vide opti- 
mum conditions). However, the absorption mea- 
surements for samples are stable and reproducible 
when made against distilled water blank and 
hence the present work is carried out accordingly. 

0 

Wovclcngthlnm) 

Fig. 1. Absorption spectra of IPN and MTN: (-) IPN; 
(-----) MTN. (1.0 ml 0.025% IPN/MTN+ 1.0 ml 0.5 N 
methanolic NaOH + 1.0 ml 0.8 N H,SO, + 1.0 ml 1.0% 
NaNO,+ 0.5 ml 5.0% sulfamic acid+ 1.0 ml 0.5% ethylace- 
toacetate + 2.0 ml 50% NaOH against distilled water blank.) 

MTN 

3.2. Beer’s law, precision and accuracy 

The absorption maxima (&,,,), the molar ab- 
sorptivities, Beer’s law limits and correlation co- 
efficients are given in Table 1. Although the 
reaction is fast, 3 min standing time is necessary 
to obtain reproducible results and the colour is 
stable for 30 min in both cases. 

3.3. Reaction mechanism 

Compounds containing active methylene 
groups such as ethylacetoacetate can be used as 
reagents for the determination of primary amines 
as it is known that diazo derivatives undergo 
coupling reactions by means of electrophilic sub- 
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CHJ . CO. CH2 COOC2H) 
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R.&N 
- R.N=N.?i.COOC2H5 

co 

CH3 

Colourcd product 

Where R i *(I’ 

3 

or Qocn3 

(IPN) ,MTk 

Scheme 1. 

stitution with phenols, amines, and carbanions 
with active methylene groups [7]. Thus, the au- 
thors are also of the opinion that diazo deriva- 
tives of the amines formed after alkaline 
hydrolysis of IPN and MTN [lO,l l] are likely to 
couple with the carbanions of ethylacetoacetate, 
as reported earlier [8], yielding the yellow chro- 
mogenic species shown in Scheme 1. 

3.4. Application 

A series (7) of standard samples of IPN and 
MTN has been analysed and the average percent 
relative error is found to be 0.74 [1.04, 0.441 for 
IPN and 0.68 [0.99, 0.371 for MTN at the 95% 
confidence level. A number of technical and for- 
mulation grade samples of IPN and MTN are 
analysed using the present method and the data 
are shown in Table 2. The RSDs were in the 
ranges 0.48-0.72, 0.86-1.32 and 0.66-0.74, 0.27- 
0.69 for technical and formulation grade samples 
of IPN and MTN respectively. The recoveries 
with respect to a comparison method [l] are also 
given in Table 2 to indicate the applicability of the 
method. 

3.5. Adoan tages 

The present method does not involve time-con- 
suming distillation, thermal and photo-decompo- 
sition as reported earlier [l-3]. Furthermore, the 
present method is superior to our earlier methods 
[4,5] in terms of the simplicity of the reagent and 
is much more sensitive than the latter method and 
comparable with the former. Therefore, the 

Table 2 
Assay of IPN and MTN” 

Sample Comparison Present Recovery RSD 
method method (%) (Present 
(Ref. Ill) method) 

IPN 
Technical grade 99.80 99.10 99.50 0.48 

98.40 98.90 100.50 0.58 
99.30 99.10 99.80 0.37 
98.70 98.30 99.60 0.72 

Formulation 50.20 50.00 99.60 0.86 
(labelled 50%) 49.40 49.60 100.80 1.03 

49.70 49.30 99.20 1.32 

MTN 
Technical grade 93.30 93.18 99.83 0.66 

98.90 99.13 100.17 0.73 
99.72 99.37 99.67 0.74 

Formulation 80.60 80.30 99.60 0.69 
79.40 79.60 100.20 0.27 
79.20 79.70 100.60 0.52 

a Averages of seven determinations. 

present method is simple, sensitive, rapid and 
useful for routine analysis. 
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Abstract 

A method is proposed for the simultaneous determination of iron(II1) and molybdenum(W) by first-derivative 
spectrophotometry based on the absorption spectra of their complexes with morin in the presence of a cationic 
surfactant. The zero-crossing measurement technique is found sutiable for the direct measurement of the first-deriva- 
tive value at the specified wavelengths. Iron(II1) (0.9-1.5 pg ml-‘) and molybdenum(W) (0.3-4.2 pg ml-‘) in 
different ratios have been determined simultaneously. A critical evaluation of the proposed method is performed by 
statistical analysis of the experimental data. The method was applied to determine iron and molybdenum in different 
alloys. 

Keywords: Iron; Molybdenum; Alloys; First-derivative spectrophotometry 

1. Introduction 

The development of spectrometric methods has 
allowed the resolution of the complex spectra of 
multicomponent mixtures [ 1 - 31. The resolution of 
binary mixtures of compounds with overlapped 
spectra by derivative spectrophotometry is greatly 
simplified and their reliability is increased by the 
determination of the individual components with- 
out the need for chemical separation. Derivative 

* Corresponding author. 

spectrophotometric procedures have been applied 
for simultaneous determination of aluminum and 
iron with 8-hydroxyqunioline [4], molybdenum 
and titanium with hydrogen peroxide [5], alu- 
minum and beryllium with 5,8-dihydroxy-1,4- 
napthaquinone [6], iron and bismuth with EDTA 
[7], palladium and platinum with dithizone [8], 
palladium and ruthenium with 2-thiobarbituric 
acid [9], beryllium and magnesium with l-hy- 
droxy-2-carboxyanthraquinone [lo], copper and 
magnesium with emodin [ll], copper and iron 
with cyanide [ 121, nickel and manganese with 2-(2- 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01774-7 
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pyridylmethyleneamino)phenol [ 131, and gold and 
silver as rhodanine derivatives [14]. In contrast, 
morin has been used as a sensitive reagent for 
determination of iron [ 15,161 and molybdenum 
[ 171 in micellar media. It had been reported that 
molybdenum(VI) interferes strongly in the deter- 
mination of iron(III), where their morin com- 
plexes show very close overlapping bands. The 
low seletivity of these methods makes them un- 
suitable for direct application without masking or 
a preliminary separation. 

This paper reports a rapid and simple derivative 
spectrophotometric method for simultaneous de- 
termination of iron(II1) and molybdenum(V1) 
in their mixtures. The method is based on the 
formation of colored complexes with morin in the 
presence of cetylpyridinum bromide. The first- 
derivative spectrum (d,A /dn) is determined using 
the zero-crossing technique. The reported method 
was successfully applied to determine iron and 
molybdenum simultaneously in a range of diverse 
alloys. 

2. Experimental 

2.1. Apparatus 

A Perkin-Elmer Lambda 3B spectrophotometer 
fitted with Perkin-Elmer Pecss software (con- 
trolled by a Mitsuba 368/33DX computer in 
conjunction with an HP Laser Jet 4L printer) and 
equipped with a 1 cm quartz cell was used for all 
measurements. The software was used to obtain 
the first-derivative spectra and to select the differ- 
ential wavelength (An). The auto-option uses a 
width of AA calculated by the method of Savitzky 
and Golay [18] at a scan speed of 120 nm min ~ ‘. 
The pH measurements were made on an Orion 
Ionalyzer Model 920E fitted with a combined 
glass-calomel electrode. 

2.2. Reagents 

All materials used were of analytical grade and 
doubly-distilled water was used throughout. The 
certified cobalt/chromium, nickel/chromium, 
cobalt/chromium/nickel and ferromolybdenum al- 

1.0 
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Fig. 1. Zero-order absorption spectra of (1) iron(III)-morin- 
CPB; (2) molybdenum(VI)-morin-CPB; (3) mixture of 
iron(III)- and molybdenum(VI)-morin-CPB complexes. 
[lron(III)] = 0.46 fig ml-‘; [molybdenum(VI)] = 1.35 pg ml-‘; 
[morin] =4 x lo-“ M; [CPB] = 2 x IO-” M; reference reagent 
blank. 

loys were provided by the General Metal Co. 
(Cairo) and Helwan Engineering Industries Co. 
(Cairo). The certified data were obtained by quan- 
tometer model 3400 (Applied Research Co., 

03 
I 

-03 /I 

350 400 450 500 
wovelength.nm 

Fig. 2. First-order derivative spectra of (1) iron(III)-morin- 
CPB; (2) molybdenum(VI)-morin-CPB; (3) mixture of 
iron(III)- and molybdenum(VI)-morin-CPB complexes. 
[Iron(III)] = 0.46 pg ml-‘; [molybdenum] = 1.35 ,ug ml-‘; 
[morin]=4 x 10m4; [CPB] =2 x lo-’ M; reference reagent 
blank. 
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Fig. 3. First-derivative spectra of a mixture of iron(Ill)- and molybdenum(VI)-morinCPB complexes: (a) [molybdenum] = 1.35 pg 
ml-‘; [iron(M)] = 0.11, 0.34, 0.57, 0.8 and 1.03 ,ug ml- ’ for curves (2)-(5) respectively; (b) [iron(Ill)] = 0.46 ,ug ml-‘; [molybde- 
num] = 0.63, 1.35, 2.69, and 3.36 pg ml-’ for curves (1) -(5) respectively. 

Switzerland) and by a standard chemical method 

[191. 
A stock solution of iron(II1) (1 mg ml-‘) 

was prepared by dissolving 0.7234 g 
Fe,(NO,). H,O (Aldrich) in 100 ml 0.1 N HNO,. 
The solution was standardized by direct EDTA 
titration [20]. 

A stock solution of molybdenum(V1) (1 mg 
ml-‘) was made by dissolving 0.2522 g of 
Na,MoO,.2H,O (Aldrich) in 250 ml of water and 
standardized by titration with EDTA [20]. 

Morin (2’,3,4’,5,7-pentahydroxyflavone) solu- 
tion (5 x 10 - 3 M) was prepared by dissolving 
0.3778 g of the reagent (Merck) in 250 ml of 
absolute ethanol. 

Cetylpyridinium bromide (CPB) aqueous solu- 
tion (lo-’ M) was prepared by dissolving 1.006 g 
of CPB (Fluka) in 250 ml of water. 

Potassium chloride-hydrochloric acid buffer 
solution of pH 2.5 was prepared by adjusting the 
pH of 0.2 M KC1 solution with 1 N HCl. Iron- 
free hydrochloric acid (1: 1) was prepared accord- 
ing to the procedure of Jackson and Phillips [21]. 

Potassium fluoride solution (0.2 M) was 
prepared by dissolving 2.9 g of KF in 250 ml 
water. 

2.3. Procedures 

2.3.1. Simultuneous determination of iron(IiI) and 
molybdenum(Vij as morin-CPB complexes with 
jirst-derivative spectrophotometry 

Transfer aliquots of iron(II1) (2-26 pg) and 
molybdenum(V1) (5- 100 pg) to separate 25 ml 
volumetric flasks. Add 1 ml of morin solution and 
5 ml of CPB and dilute to the mark with acid 
buffer solution. Record the D, spectra of the 
mixture against a reagent blank after 10 min of 
mixing. Measure the absolute D,(d,A/d%) values 
at 412 and 417 nm for determination of iron and 
molybdenum respectively. 

2.3.2. Simultaneous determinution of iron and 
molybdenum in diverse alloys 

Weigh 0.4 g of the alloy sample into a 150 ml 
beaker. Treat with 40 ml concentrated HCl (1: 1) 
and 10 ml of concentrated HNO,. Heat on a 
steam bath to near dryness and then cool to room 
temperature. Dissolve the residue in 50 ml HCl 
and boil the mixture to dissolve the salt, followed 
by dilution to 100 ml with water. Transfer a 
suitable aliquot of sample to a 25 ml volumetric 
flask and add 2 ml of 0.2 M KF. The iron and 
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Statistical analysis of the simultaneous determination of iron and molybdenum in their mixtures with morin and CPB by 
first-derivative spectrophotometry”. Standard specimens; n = IO; first-derivative value D, 

Metal ion i. Regression equation Linear I L Sb sx Detection 

(nm) range limits (pug 

bg ml-‘) 
ml-‘) 

Iron(III) 412 D, = 8.64 x IO-‘C-6.28 x lop4 0.0771.5 0.9997 9.72x 10m4 2.1 x 10-j 1.18x lo-? 0.07 

Molybdenum 417 D, = 1.61 x IO-%- I.21 x lo-* 0.2-4.2 0.9984 1.12x lo-’ 1.05 X 10-z 1.72 x 1O-7 0.2 

(VU 

* C= pg ml-‘, r = correlation coefficient,,SJ/, = standard deviation of residuals, S, = standard deviation of slope of regression line, 
S, = standard deviation of mixture contammg 0.34 pg ml-’ iron(III) and 2 fig ml-’ molybdenum(W). 

molybdenum contents are simultaneously deter- 
mined as before starting from “Record the D, 
spectra . . . ” in the previous section. 

3. Results and discussion 

Morin forms colored complexes with iron and 
molybdenum in aqueous media. A hyperchromic 
effect is usually observed in the presence of surfac- 
tants [15-171. 

Fig. 1 shows the zero-order absorption spectra 
of morin-CPB complexes of iron(II1) (curve 1) 
with a maximum at z 417 nm and molybde- 
num(V1) (curve 2) with a maximum at z 412 nm. 

Table 2 
Interference levels of diverse ions in the simultaneous determi- 
nation of iron and molybdenum. Concentration of iron(llI)= 
0.46 Pg ml-‘; concentration of molybdenum(V1) = 1.35 pg 
ml-’ 

Ion added Tolerance limits 
[Ion]/[Iron] 

Na*, K+, NH,+, NO;, 2000 
SO:-, Cl-, F-, Brr, I- 

Ba*+, Ca’, Mg*+ 1000 

Au’+> Cd , g > *+ H Zt Rh’+ , 100 
Ru’+, Pd2+, Cr’+ 

Co2+a cd’+ La3+ Mnz+d, Nizf”, 
, 1 

80 
p,.3+ sn2+a zn2+a cU2+b 

All+” Be2+” Tax+“, NbSt”, Th‘%+“, 50 
w5+a pia 

V5+ 3 

il 2 ml of 0.2 M potassium fluoride. 
b I ml of 0.5 M thiourea. 

The total absorption spectrum of iron and molyb- 
denum complexes is given in curve 3. However, 
the maximum absorption of morin reagent in 
acidic medium was 350 nm [15]. Consequently the 
absorption of iron(II1) and molybdenum(V1) 
complexes and their mixture appeared as negative 
absorbance in the range 380-300 nm. 

The complexation of iron and molybdenum 
with morin in the presence of CPB occurs over a 
wide pH range; the maximum absorption intensity 
is between 2 and 3 for iron and between 1.5 and 
3 for the molybdenum complexes. The concentra- 
tions of morin (4 x 10e4 M) and CPB (2 x lop3 
M) in the final solution are selected to ensure that 
an excess of the reagent is present. Full color 
development is obtained 10 min after addition of 
acidic buffer to a mixture of iron(III)- and 
molybdenum(VI)-morin-CPB complexes. The 
absorbance remains constant for about 2 h. 

Because of the large band overlap of the spectra 
of the two complexes, the determination of iron 
and molybdenum in their mixture by normal spec- 
trophotometry is subject to considerable 
difficulties. For this reason, it was found to be 
more convenient and simple to resolve the prob- 
lem of closely overlapped spectra by making use 
of the derivative spectra of the mixutre of both 
complexes. 

A study of the first-, second-, third-, and 
fourth-derivative spectra of the mixture of iron 
and molybdenum complexes demonstrated that 
the first-derivative spectra gave results of highest 
accuracy and lowest detection limits. Fig. 2 shows 
the first-derivative spectra of the complexes shown 
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Table 3 
Simultaneous determination of iron and molybdenum in diverse alloys using first-derivative spectrophotometry 

Sample Composition (‘AI) Certified (‘Xt) Found” (‘X,) RSD (‘Xl) 

Fe MO Fe MO Fe MO 

Cobalt&chromium alloy C: 0.9, Si: 0.37; 2.77 0.42 2.16 0.43 0.92 I.05 
Mn: 0.48; Ni: 4.16; 
Cr: 29.32; W: 4.16; 
Co: 59.52 

Nickel-chromium alloy C: 0.06; Si: 0.44; 6.80 6.12 6.78 6.14 0.75 0.91 
S: 0.03; Mn: 1.23; 
Cr: 22.08: Ni: 63.01 

Cobalttchromium- 
nickel alloy 

C: 0.05; Si: 0.38; 1.52 5.39 I.51 5.41 I 0.86 
Ni: 14.9; Cr: 26.86; Mn: 
0.06; Co: 50.63 

Ferromolybdenum alloy C: 2.1; S: 0.23; 27.02 72.2 27.03 72.91 0.53 0.48 
Si: 0.04; Cu: 0.09 

a Average of five determinations. 

in Fig. 1. It can be seen that the first-derivative 
spectra of the mixture of both complexes (Fig. 2, 
curve 2) are not sufficiently resolved to generate 
two distinct peaks. Therefore the zero-crossing 
measurement technique was utilized for resolving 
the mixture of the named complexes. 

Fig. 3 (a)(b) shows series of first-derivative 
spectra of a mixture of iron(III)- and molybde- 
num(VI)-morin-CPB complexes. A series of 
first-derivative spectra of a mixture of 0.46 ,ug 
ml- ’ iron(II1) plus increasing amounts of molyb- 
denum(V1) (0.63-3.36 pg ml-‘) are given in Fig. 
3(a). Fig. 3(b) shows a series of first-derivative 
spectra of mixtures of 1.35 pg ml-’ molybde- 
num(V1) and increasing concentrations of 
iron(II1) (O.l- 1.0 pg ml-‘). The heights h, and h, 
in the first-derivative spectrum of the mixtures 
corresponding to values taken at wavelengths of 
417 nm (zero-crossing wavelength of iron com- 
plex) and 412 nm (zero-crossing wavelength of 
molybdenum complex) are proportional to 
iron(II1) and molybdenum(V1) concentrations re- 
spectively. 

3.1. Calibration graphs and statistical treatment 
of results 

The calibration graphs obtained by the recom- 
mended procedure are linear over the ranges 
0.07- 1.5 pg ml-’ of iron in the presence of 1.35 
pg ml-’ molybdenum and 0.2-4.2 pg ml-’ of 
molybdenum in the presence of 0.46 pg ml-’ 
iron. The calibration graphs prepared by plotting 
the first-derivative values (h) vs. iron or molybde- 
num concentration all gave significant linearity 
with negligible intercepts, confirming the mutual 
independence of the derivative signals of the two 
complexes. 

In Table 1 the statistical parameters for calibra- 
tion graphs are given. The high values of correla- 
tion coefficients and intercepts on the y-axis (close 
to zero) indicate the good linearity of all calibra- 
tion graphs and the conformity of Beer’s law of 
first-derivative measurements. The precision of 
the method is determined for 10 samples, each 
containing 0.34 pg ml-’ iron(II1) and 2 ,ug ml-’ 
molybdenum(V1). The values of d,c for determi- 
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nation of iron and molybdenum at 412 and 417 
nm are calculated from computing the corre- 
sponding values of d,A and the results are given 
in Table 1. The d,.s value was equal to 8.64 x lo- 
2 and 1.61 x 10m2 pg ml-’ (the slopes of the 
regression lines in Table 1) for determination of 
iron and molybdenum respectively. The relative 
standard deviation is 1.5 and 1.7% for iron and 
molybdenum respectively. Moreover, the detec- 
tion limits [22] are 0.04 and 0.2 pg ml-’ for iron 
and molybdenum respectively. The results in Fig. 
3 and Table 2 suggest that a satisfactory resolu- 
tion of two overlapping spectra is obtained by the 
first-derivative zero-crossing method. 

3.2. Interference studies 

The influence of the presence of diverse ions on 
the simultaneous determination of 0.46 pg mll ’ 
iron(II1) and 1.35 pg ml-’ molybdenum(V1) was 
investigated by applying the recommended proce- 
dure to a solution containing a 2000-fold (mol/ 
mol) ratio of interfering ion to iron; if interference 
occurred, this ratio was reduced until the interfer- 
ence ceased. Metal ions are added as the nitrate, 
chloride or sulfate, while the anions are added as 
ammonium, potassium or sodium salts. The crite- 
rion for interference was a deviation of more than 
f 3% from the concentration of iron and molyb- 
denum. The tolerance limits of some cations in- 
creased by addition of 2 ml of 0.2 M potassium 
fluoride. The results are given in Table 2. 

The method has been applied to the simulta- 
neous determination of iron and molybdenum in 
diverse alloys. The results obtained are presented 
in Table 3 and are in quite good agreement with 
those obtained by a standard chemical method 
[20] and by X-ray fluorescence. 
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Abstract 

The complexes of the rare earth metals with 2-phenyltrifluoroacetone in the presence of TX-100 are reported. The 
characteristic absorbances of neodymium, holmium and erbium complexes can be increased by factors of 8.5, 31 and 
1.5 respectively, compared to those of the cholrides. The third-derivative spectra have been used to eliminate the 
interference of cerium, and the sensitivities are increased again by factors of 7.4, 5.5 and 6.5. A method for the direct 
determination of neodymium, erbium and holmium in rare earth mixtures is proposed. 

Keywords: Neodymium; Erbium; Holmium; Third-derivative spectrophotometry 

1. Introduction 

As colour-producing agents for the rare earth 
ions, there are a lot of highly sensitive reagents 
including arsenazo III [l] 1-(2-pyridylazo)-2-naph- 
thol [2], chlorophosphonazo III [3] etc., but the 
determination of the individual rare earths in their 
mixture with these reagents is almost impossible 
because these reagents lack selectivity. There has 

* Corresponding author. 

always been interest in the determination of indi- 
vidual rare earths, based on the absorption bands 
of their 4f electron transitions [4-121. 

However, the determination of the rare earth 
elements with 2-phenyltrifluoroacetone has hardly 
been described. In this paper, we have discovered 
that 2-phenyltrifluoroacetone can form stable 
complexes with rare earth methal in the presence 
of TX-100. In the absorption spectra, the peaks of 
neodymium, holmium and erbium in the visible 
region are enhanced, the absorbances at A,,, be- 
ing increased by factors of 8.5, 31 and 15 respec- 
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tively, compared with those of the chlorides. 
However, direct determination by conventional 
spectrophotometry is still subject to interference 
from other rare earths. Accordingly, derivative 
spetra were studied, and the use of the third- 
derivative spectra was found to eliminate the in- 
terference and to enhance the sensitivity. On this 
basis, a method was developed for the determi- 
nation of neodymium, erbium and holmium in 
rare earth mixtures. The analytical results ob- 
tained are quite satisfactory. 

2. Experimental 

2.1. Apparatus 

A Shimadzu UV-3000 recording spectrophoto- 
meter with 4.0 cm cells was used. 

2.2. Reagents 

Standard solutions of rare earth metals were 
prepared from the pure oxides (Johnson 
Matthey) and mixed as required. 

2-Phenyltrifluoroacetone (PTA) solution (0.05 
M) was prepared by dissolving 1.080 g of PTA 
(Shanghai Chemical Reagent Plant) in ethanol 
and diluting to 100 ml with ethanol. 

A solution of octylphenol poly(ethylengelyco1) 
ether (TX-loo; 2.0% v/v) was prepared by dis- 
solving 5.00 ml of TX-100 (Rohm & Hass, 
Philadelphia, PA) in 250 ml of water. 

Ammonium chloride solution (0.5 M) of pH 
9.26 was used as a buffer. 

All other reagents used were of analytical 
grade. 

2.3. Procedure 

Transfer a known volume of the lanthanide 
solution into a 10.0 ml volumetric flask, add 3.00 
ml of PTA, 2.5 ml of TX-100 and 2.0 ml of 
buffer solution, dilute to volume with distilled 
water and mix. Record the absorption spectrum 
or its derivative spectrum against a reagent blank 
as reference. 

3. Results and discussion 

The absorption spectra of lanthanide ions and 
their complexes in the presence of TX-100 are 
shown in Fig. 1. It can be seen that curves 1 and 
2 show some changes in the spectral features. 
The absorption band for the neodymium com- 
plex is shifted to longer wavelengths compared to 
the spectrum of the neodymium ion in the chlo- 
ride, while those of erbium and holmium are 
shifted to shorter wavelengths. The sensitivity is 
enhanced considerably. A very sharp absorption 
band is found at 574 nm for neodymium, at 449 
nm for holmium and at 521 nm for erbium, 
which allows their determination by means of 
their derivative spectra. Table 1 gives the spectral 
characteristics of the systems. 

Fig. 2 shows that the normal spectrophotomet- 
ric determination for neodymium, erbium and 
holmium is subject to interference by other rare 
earths. Cerium interferes to the greatest extent. 

(4 (b) 

2 

i- 
1 A’ - 

lii-r+J** 
A (nm) 

Fig. 1. Absorption spectra of ions and complexes. [Nd] = 
1.2x10-4M;[Er]=[Ho]=l.0x104M;[PTA]=5.0x10-3 
M; [TX-1001 = 0.4% v/v; pH 9.26; 4.0 cm cells. (1) Nd3+ 
(Er’ + , Ho3 + ) (LnCI,, pH 6.0) against water as a reference. (2) 
Nd(Er, Ho)-PTA-TX-100 against PTA-TX-100 as a refer- 
ence. 
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Spectral characteristics of Nd’+, Ho’+ and Er’+ species in different systems 

Characteristic System 

Nd’+ Nd-PTA-TX-100 Ho7+ Ho-PTA-TX-100 Er’+ Er-PTA-TX-100 

/, (nm) 
c (I mol-’ cm-‘) 
Spectral transition [2] 

575 572 584 450 449 523 521 
6.5 53 44.1 3.7 97 2.2 33 

%:* + ‘G,,, + 4G,;2 516-+5F2+5F, 41 ~~:z+~H,m+%,o 

Therefore, in order to eliminate the interference 
and improve the sensitivity, the lst-4th derivative 
spectra of the lanthanide complexes were investi- 
gated along with the variable measuring parame- 
ters of the instrument. It is found that the 
optimum instrumental conditions for neodymium, 
erbium and holmium proved to be the use of the 
third-derivative spectrum with Ai = 3.5 nm, band- 
pass = 1 .O nm, scan rate = 50 nm min - ’ . 

Fig. 3 shows the third-derivative spectra of the 
representative lanthanide complexes, from which 
it is clear that the optimal analytical signals are at 
572.2( + ) and 569( - ) nm for neodymium, at 

Fig. 2. Absorption spectra of complexes. [Nd’+] = 1.2 x 10 -’ 
M; [Ln3+] = 1.0 x lo-“ M; other conditions as in Fig. 1, 
curve 2. (1) Nd; (2) Ho; (3) Er; (4) Ce(IV); (5) Pr; (6) Sm; (7) 
Y; (8) Eu; (9) PTA-TX-100 against water as a reference. 

513(+) and 516(-) nm for erbium and at 
451.5( + ) and 449( - ) nm for holmium, where 
other lanthanides produce only constant absorp- 
tion signals and cause no interference. 

Fig. 4 shows the effect of pH on the absorption 
of the complexes. In the pH range 6.5-l 1.0, the 
highest absorption was obtained. Hence, a pH 
9.26 buffer solution was chosen in subsequent 
experiments. 

Fig. 5 shows the effect of the amount of 
reagent. In view of this, the amount of PTA used 
in the determinations was always at least 50 times 
that of the lanthanides present. 

I I I I 
b30 m HO 550 590 

h bm) 

Fig. 3. Third derivative spectra of complexes. Ai = 3.5 nm; 
bandpass = I .O nm; scan rate = 50 nm min - ‘; other condi- 
tions as in Fig. 2, curves l-8. 
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P 
Fig. 4. ERect of pH on the third derivative absorption of the 
complexes. [Nd] = 6.1 x 10W5 M; [Er] = [Ho] = 5.0 x 10W5 M; 
instrumental parameters as in Fig. 3. Other conditions as in 
Fig. 1, curve 2. (1) Er peak-to-valley amplitude measurements 
are at 513( + ) and 516( - ) nm; (2) Nd peak-to valley ampli- 
tude measurements are at 572.2( + ) and 569( - ) nm; (3) Ho 
peak-to-valley amplitude measurements are at 451.5( + ) and 
449( -) nm. 

As regards the effect of the amount of TX-100 
on the absorption of the complexes, the experi- 
mental results showed that precipitation would 
occur at TX-100 < 0.1% v/v. Variation of the 
amount of TX-100 solution between 0.1 and 1.0% A %k 3 

0.1 I 

0. 

0.67 

k 
0. 

0. 

0.01 

. 
‘/‘--: 
r-----’ 

I I I I. I I I 
0.1 0.3 0.5 .' 1.0 ls ad 

PTA (W-2M) 

Fig. 5. Effect of PTA on the third derivative absorption of the 
complexes. pH = 9.26; other conditions as in Fig. 4, except for 
the change in the PTA concentration, 

Table 2 
Compositions of synthetic samples (oxides; % m/m) and ana- 
lytical results 

Prestent Found” RSDb 

La 21/04, Ce(IV) 
50.20, Pr 3.70, Nd 
15.80, Sm 0.80, 
Eu 0.73, Gd 1.21, 
Tb 0.20, Ho 1.42 
Er 3.00, Y 2.10 
Y 2.10 

15.40’ 0.8’ 

3.12“ 2.2* 

1.48 3.0 

La 1.85, Ce(IV) 
3.62, Pr 5.50, Nd 
3.25, Sm 1.89, 
Eu 1.13, Gd 10.27, 
Tb 5.78, Ho 4.22, 
Er 6.00, Y 56.49 

3.40’ 2.8’ 

6.13” 2.4d 

4.36’ 2.8” 

a Average of five determinations 
b n=5. 

c Result of neodymium. 
d Result of erbium. 
e Result of holmium. 

v/v had no effect on the derivative absorption of 
the complexes. 

The complexes formed quickly and were stable 
for more than 6 h. 

The calibration graphs are linear up to M 30 ,~g 
ml - I for Nd,O, and z 35 pg ml - i for Ho,O, 
and Er,O,. The sensitivities for neodymium, 
holmium and erbium are 7.5, 5.5 and 6.5 times 
greater than those achieved with the ordinary 
method. 

The precision of the studied methods was evalu- 
ated using ten samples, each containing 5.0 pg 
ml -’ of Nd, Er and Ho. The relative standard 
deviations are 1.2%, 1.6% and 1.9% for Nd, Er 
and Ho respectively. The detection limits (signal- 
to-noise ratio = 2) are 0.25 pg ml- ‘, 0.70 pg 
ml-’ and 1.1 pg ml-’ for Nd, Ho and Er 
respectively. 

In order to test the applicability of the method, 
two synthetic samples were prepared on the basis 
of the relative contents of rare earth oxides in 
Earth’s crust [13]. The analytical results obtained 
are listed in Table 2. 
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Table 3 
Analytical results of Nd, Ho and Er in the ditferent samples (oxides; ‘% m/m) 

Present Found” 

This work RSDb XRF’ RSDb 

1 La 27.11, Ce(lV) 16.51d 1.2* 16.55d 1.4* 
49.21, Pr 5.18, Nd 
16.75, Sm 1.29, 
Eu 0.23, Cd 0.40, 
Tb 0.03, Dy 0.09, 
Ho 0.023, Er 0.027, 
Y 0.27, Tm 0.0095, 
Yb 0.013, Lu 0.003 

2 La 13.50, Ce(IV) 3.12, 7.19d l.8d 7.20d 1.5* 
Pr 2.43, Nd 7.28, 
Sm 2.31, Cd 3.44, 8.38' 1.8’ 8.22' 1.2’ 
Dy 6.10, Ho 1.63, 
Er 8.25, Yb 2.42, 
Lu 6.30, Y 20.30 

1.78’. 2.7' 1.43' 2.1f 

a Average of five determinations. 
b n=5 
’ XRF = X-ray fluorescence methods. 
’ Result of neodymium. 
’ Result of erbium. 
’ Result of holmium. 1, From Baotou Rare Earths Academy. People’s Republic of China. 2, From Jiangxi Dingnan lanthanide base 
rock sample, People’s Republic of China. 

In addition, the reference material and lan- 
thanide base samples were also analysed. The 
results are listed in Table 3. These show that the 
accuracy and precision of the method are reason- 
ably satisfactory. 
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Abstract 

Serum is rapidly digested with a mixture of nitric and perchloric acids at a temperature of 180 k lO”C, and 
hydrochloric acid is used to reduce selenium(W) to selenium(IV). Selenium is determined by hydride generation flame 
atomic absorption spectrometry. The results show that this method has the advantages of being sensitive, accurate, 
rapid and simple. After the serum is digested and diluted, 4.0 ml is taken for the determination. The characteristic 
concentration, detection limit, variation coefficient, recovery rate and linear range are 2.93 pug 1~ ‘, 1.55 pug l- ‘, 
1.6-5.0X, 97.3-99.2% and 0.0-320.0 pg 1~ ’ respectively. Serum at 4°C and in frozen state can be preserved for at 
least 7 and 14 days, respectively. 

Keywords: Serum; Selenium; Hydride generation flame atomic absorption spectrometry 

1. Introduction 

Selenium is an essential trace element [l]. With 
the development of science and technology, the 
selenium content in serum has become an impor- 
tant monitoring index in clinical medicine. Sele- 
nium is not only a nutritional anticancer element 
[2] but also a strong antioxidant. It can suppress 
the effect of chemical cancerogenic substances. 
Selenium plays a part in the study of tumours, 
cancer, cardiology, liver diseases [3] and endemic 
diseases [4], and has received great attention in the 
medical field. 

* Corresponding author 

Many investigators have reported the determi- 
nation of serum selenium using fluorimetry, polar- 
ography [5,6], neutron activation, graphite 
furnace atomic absorption spectrometry [7] and 
hydride generation atomic absorption spectrome- 
try. Fluorimetry is a classical method with high 
sensitivity, but the preprocessing of samples is 
prolix and laborious. Polarography is a handy 
method but suffers from poor reproducibility. 
Neutron activation and graphite furnace atomic 
absorption spectrometry are seldom used in the 
determination of serum selenium due to the 
volatilization loss of selenium in the measurement 
process. Hydride generation atomic absorption 
spectrometry is a sensitive and accurate method; 
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the detection limit of the method is in the range 
1-5 ng ml-‘, and it is often used in the deter- 
mination of selenium [S- 121. In this paper, we 
use a mixture of nitric and perchloric acids to 
digest the samples, and then use NaBH, to re- 
duce the tetravalent selenium to H,Se in the 
acidic medium. The generated H,Se was trans- 
ported into a heated quartz tube by carrier gas 
for atomization, and the determination of sele- 
nium was performed by using atomic absorption 
spectrometry at a wavelength of 196.0 nm. To 
prevent the loss of selenium, special attention 
should be paid to the conditions of digestion 
and reduction. We used this method to quantita- 
tively determine the selenium content of serum. 
The samples were collected from various cancer- 
ous and non-cancerous patients. Some attractive 
results were found and are reported in this pa- 
per. 

2. Experimental 

2.1. Sampling, shipment and storage 

Wash skin with 3% nitric acid and then 75% 
ethanol. Take 2 ml venous blood into a stop- 
pered plastic tube. Store for 1 h and then cen- 
trifuge the sample at 2000 rev min - ’ for 10 
min. Remove all the serum slowly and place it 
in a stoppered plastic tube to be stored at a 
temperature of 4°C or frozen. The serum has to 
be mixed homogeneously before analysis, 

2.2. Procedure 

2.2.1. Blood blank sample 
Take serum from a calf or several normal 

people, and mix the serum for use. 

2.2.2. Sample preparation 
Place 0.5 ml serum in a small weighing bottle, 

add 1.0 ml mixed acid, mix homogeneously and 
cover with a glass coverslip. Heat on an electric 
hot plate at 180 + 10°C until the digested solu- 
tion becomes colourless and transparent with 
white fumes given off, cool to room tempera- 
ture. Carefully wash the coverslip into a weigh- 

ing bottle with 1.0 ml of deionized water. Add 
0.6 ml of concentrated hydrochloric acid, mix 
homogeneously and heat for 20 min without 
covering. Cool. Transfer the remaining solution 
and wash the weighing bottle several times with 
heated deionized water into a 10 ml test tube, 
dilute to volume and mix homogeneously for 
determination. At the same time run a reagent 
blank with 0.5 ml water instead of serum. 

2.2.3. Calibration 
Take six small weighing bottles and fill them 

with 0.5 ml of standard selenium solutions of 
different concentrations and 0.5 ml of serum 
blank sample. Mix homogeneously and process 
as for the sample. 

2.2.4. Measurement 
Under the working conditions of the appara- 

tus, place 4.0 ml of solution into an atomization 
reaction bottle, and cover the bottle. Add 
a fixed amount (2.0 ml) of sodium borohydride 
NaBH, alkaline solution. Determine the 
selenium concentration of the sample by refer- 
ence to the absorbance values obtained concur- 
rently for the calibration solutions. The 
absorbance value of the sample is corrected 
by subtracting that obtained for the blank solu- 
tion. 

2.3. Apparatus 

The following apparatus was used. A Shi- 
madzu model AA-670 atomic absorption spec- 
trometer, equipped with a single-slot 10 cm 
air-acetylene burner. A selenium hollow cathode 
lamp (Hebei, People’s Republic of China). A 
model VA-90 hydride generation system with 
quartz tube atomizer (Tong-Ji Medical Univer- 
sity, Wuhan, People’s Republic of China). 4 
25 x 40 mm hard glass weighing bottle. The fol- 
lowing spectrometer conditions were used: wave- 
length, 196.0 nm; slit width, 0.3 nm; lamp 
current, 8 mA; flow rate of acetylene, 1.9 1 
min-‘; flow rate of air, 8.0 1 min - ‘; burner 
height, 18 mm; flow rate of argon, 0.8 1 min- ‘; 
measurement mode, peak height. 
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2.4. Reagents 

All glassware and plasticware were soaked 
overnight in 30% (v/v) nitric acid, thoroughly 
rinsed with water and dried. Deionized water is 
used throughout. The following reagents were 
used: hydrochloric acid, high purity grade; nitric 
acid, high purity grade; perchloric acid, high pu- 
rity grade; mixed acid, nitric acid and perchloric 
acid (1 + 1); hydrochloric acid solution, 6% (v/v); 
nitric acid solution, 3% (v/v); ethanol solution, 
75% (v/v). 

2.4. I. Sodium borohydride solution 
Dissolve 0.6 g sodium borohydride (high purity 

grade) and 0.5 g sodium hydroxide (analytical 
reagent) in water and dilute to 100 ml. 

2.4.2. Standard solutions 
Standard solution of 100 mg 1-l. Working 

solutions of 40.0, 80.0, 160.0, 240.0 and 320.0 pg 
1 - ’ prepared by dilution of the stock solution 
with 6% hydrochloric acid solution before use. 

3. Results 

3.1. Choice of conditions for reducing selenium(W) 
to selenium(W) 

While serum is being digested, quite a lot of the 
selenium exists in the form of selenium(V1) as a 
result of heating and the action of oxidizing acid. 
In the determination with hydride generation 
atomic absorption spectrometry, it is very hard to 
reduce selenium(V1) to hydrogen selenide by 
sodium borohydride. Therefore, it is necessary to 
reduce selenium(V1) to selenium(IV) in heated 
hydrochloric acid medium before hydrogenates 
are generated and then carry out the determina- 
tion [ 131. Otherwise, the determination accuracy 
of serum selenium will be directly affected. We 
added a certain amount of selenium to the sam- 
ples. It was digested in the same way the samples 
are treated. When the samples became colourless 
and transparent they were taken away for cooling. 
0.2, 0.3, 0.4, 0.5, 0.6. 0.7 and 0.8 ml of concen- 
trated hydrochloric acid was added to the sam- 

ples. After digesting and diluting, under the 
working conditions of the apparatus the ab- 
sorbance values of each sample were determined 
repeatedly six times. When the addition of hy- 
drochloric acid was increased from 0.2 ml to 0.4 
ml, the absorbance value of the sample was obvi- 
ously increased. The maximum absorbance value 
was reached when addition of hydrochloric acid 
was increased to 0.6 ml. After that the absorbance 
was stable with further addition of hydrochloric 
acid (as seen in Fig. 1). It was found that choos- 
ing the addition of hydrochloric acid as 0.6 ml did 
not only reduce selenium(V1) to selenium(IV), but 
also satisfied the acid conditions demanded in the 
determining process. 

3.2. Choice of amount of sodium borohydride 
solution 

Sodium borohydride reduces selenium(IV) to 
hydrogen selenide in acid medium. The amount of 
sodium borohydride will affect the sensitivity of 
determination directly. We prepared a mixed 
serum sample with a high selenium concentration. 
The samples were treated with the aforementioned 
sample preparation method and different volumes 
of 0.6% sodium borohydride solution were added. 
It was found that, after four determinations, the 
relevant absorbance value reached a maximum 
when the amount of sodium borohydride was 
increased to 2.0 ml. With further increase the 
absorbance value increased slightly (as Fig. 2 
shows), but as there is a booming sound as 

OI 

0.2 0.4 0.6 0.8 

amount of HC!L(mI) 
Fig. 1. Relationship between amount of hydrochloric acid and 
absorbance value. 
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Fig. 2. Choice of amount of sodium borohydride. 

a result of the high concentration of hydride in 
the reaction process, choosing 2.0 ml of sodium 
borohydride solution can satisfy the determina- 
tion demand. 

3.3. Choice of the flow of carrier gas 

In this method, argon is used as the carrier gas 
to lead hydrogen selenide generated in the reac- 
tion bottle into the heated quartz tube atomizer. 
When the addition of hydrochloric acid is 0.6 ml, 
the samples are determined with the same concen- 
tration of selenium. The flow of argon was ad- 
justed from 0.4 1 min - ’ to 1.2 1 min - ‘, when the 
flow rate of argon reached 0.8 1 min - ‘, the ab- 
sorbance value reached a maximum. With four 
determinations, it was found that the result was 
stable and the RSD was 1.4%. Therefore, a flow 
of 0.8 1 mini of argon was chosen. 

3.4. Linear range, characteristic concentration 
and detection limit 

Take standard selenium solutions of different 
concentration and 0.5 ml serum blank sample. 
Digest as for the samples and determine against a 
serum blank similarly prepared. Then carry out 
linear regression of the relevant concentration 
with the average absorbance value. When the 
determination range is 0.0-320.0 pg l- ‘, the re- 
gression equation is y = 0.0012x + 0.0056, and the 
correlation coefficient is r = 0.9994. According to 
the requirement of atomic absorption spectrome- 

Table 1 
Precision of experiment (n = 6) 

Addition of 
selenium into 
serum (pg I-‘) 

Absorbance value RSD 
GkS) WI 

60.0 0.120 i 0.006 5.0 
100.0 0.170 * 0.004 2.4 
300.0 0.376 + 0.006 1.6 

try, it is found by experiment that this method’s 
characteristic concentration is 2.93 ,ug 1 - ’ and the 
detection limit is 1.55 pg l- ‘. 

3.5. Precision and method validation 

3.5.1. Precision 
Take serum of normal people, mix homoge- 

neously and then into three groups. Add standard 
selenium solutions of different concentration; 
three samples with low, medium and high concen- 
trations were prepared. Determine selenium six 
times. The results are shown in Table 1. 

3.5.2. Method validation 
Take serum of three different concentration- 

low, medium and high-and add different 
amounts of standard selenium solutions and then 
determine selenium six times. When the addition 
of selenium is 40.0- 160.0 pg 1~ r, the relevant 
recovery rates are 97.3-99.2%, as shown in Table 
2. 

3.5.3. Determination of standard matter 
Cow serum standard matter (GBW 09131) from 

the Institute of Environmental Sanitation Moni- 

Table 2 
Method validation (n = 6) 

Concentration of serum selenium (pg I-‘) Recovery 
rate (%) 

Base value 

49.23 
81.15 

131.20 

Addition 
value 

40.0 
80.0 

160.0 

Determination 
value (1+ s) 

88.15 k 2.01 
160.5 k 4.24 
288.8 & 6.66 

97.3 
99.2 
98.5 
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Preservation of samples (n = 6) 

Preservation 
time 

(days) 

4°C 

Determination 
value 

@g 1-Y 

Recovery 
rate 

W) 

Frozen 

Determination 
value 

(fig l-7 

Recovery 
rate 

(“!I 

1 4.258 - - 4.258 
3 4.263 100.1 - 
7 4.047 95.0 4.127 96.9 
14 2.944 69.1 4.048 95.1 

tor of Chinese Academy of Preventive Medicine 
was determined six times. The standard value was 
38.9k2.3 ,ag l-l, the determination value was 
37.57* 1.21 pg l-‘, and the relative deviation 
was - 3.4%. 

3.6. Interference experiment 

In this method of determining serum selenium, 
only elements which are likely to form hydro- 
genates and some transition elements are likely to 
produce interference. In this experiment four 
metal ions of different concentrations are added 
to samples with a content of 113.2 pg 1 - i sele- 
nium. Determinations show that 0.028 mg l- ’ 
Ni2+, 16.0 mg 1-l Fe3+, 0.1 mg 1-l As3+ and 
4.5 mg 1-l Cu2+ produce no interference. 

3.7. Preservation of samples 

Take serum from normal people and store it in 
two plastic bottles. Preserve at 4°C and in frozen 
state and determine selenium six times on the first 
day, the third day, the seventh day and the four- 
teenth day. The findings are shown in Table 3. 

3.8. Applications 

The method is used to determine serum sele- 
nium concentration in 101 normal people (age 
19-63) and in 43 cancer patients of nine types, 
e.g. liver cancer, etc. The concentration of serum 
selenium in normal people is 81.6-140.4 pg 1-l 
(the average concentration is 97.4 pug 1 - ’ and in 

cancer patients it is 38.7-88.3 pg l-i, average 
concentration (66.6 pg 1 - ‘) which is remarkably 
lower than that of the normal people (p < 0.001). 
The serum selenium concentrations of both nor- 
mal people and cancer patients correspond with 
those reported in the literature [14,15]. 

4. Discussion 

A key problem in determining serum selenium 
is to control the digesting conditions of the sam- 
ples to prevent selenium from being volatilized in 
the digesting process. We have compared several 
frequently used wet methods and decided to use 
the method of rapid digestion with nitric and 
perchloric acids. Attention should be paid to the 
digestion and in particular to the completion of 
the digestion of the samples. Preferably, digestion 
should be stopped when a white smoke separates 
from the transparent liquid. Never evaporate the 
samples to dryness. 

As an acid medium for the sample solution, 
hydrochloric acid has characteristics of high sensi- 
tivity, a low blank value and good coincidence. 
The best hydrochloric acid concentration is de- 
cided according to the hydrogenate generation 
device used in the experiment. 

According to the requirement of hydride gener- 
ation atomic absorption spectrometry, the proce- 
dures of treating the samples and standards have 
to agree with each other so as to reduce errors. 

After determining different types of serum sam- 
ples, it is found that this method applies to sam- 
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ples whose basal body and selenium concentration 
vary greatly. 

5. Conclusions 

This paper has established a method for deter- 
mining serum selenium by hydride generation 
flame atomic absorption spectrometry. When the 
concentration of selenium is in the range 60.0- 
300.0 pug I- ‘, the RSDs are 1.6-5.0%, the recov- 
ery rates are 97.3-99.2%, the characteristic 
concentration is 2.93 ,ug 1~ ‘, the detection limit is 
1.55 pg 1 - ‘, and the linear range of calibration is 
0.0-320.0 pg 1-l. This method is sensitive, accu- 
rate, rapid and simple, and can satisfy the health 
monitoring requirements of normal persons and 
the clinical diagnosis of cancer patients. 
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Abstract 

Daughter product ingrowths, which could act as analytical interferences, are removed from 232U(VI) stock solutions 
prior to use as an x-particle emitting radiotracer in conjunction with detection by liquid scintillation counting. The 
preparative benchtop separation procedure employs elution with HCl through a BioRad AGl-X8 anion-exchange 
resin column, and fraction collection. The importance of the separation of the 232U isotope from daughter products, 
characterized by high recovery, is illustrated by liquid scintillation energy spectra. Rapid ingrowth in the purified 
fraction also limits the period of time after purification in which the radiotracer is usable. 

Keywords: Anion-exchange preparation; 232U radiotracer; Liquid scintillation counting 

1. Introduction 

The environmental impact of uranyl ion UO: + , 
one of several radionuclide species potentially re- 
leased from a hypothetically breached radioactive 
waste repository [l], is being investigated with 
respect to ion sorption onto a variety of mineral 
surfaces representative of the surrounding geolog- 
ical material. Uranium radioisotopes in wastes 
likely to be stored in such a repository include 
238U and 234U. An analytical methodology devel- 
oped for experimental sorption studies involves 

* Corresponding author. Fax: 415 725 3162; e-mail: 
cgong@leland.stanford.edu 

the dosing of a mineral suspension with a radiola- 
belled uranyl solution principally comprising de- 
pleted naturally occurring uranium, and also 
containing a trace quantity of radioactive ura- 
nium which is detected with a liquid scintillation 
counter (LSC). 232U, in the uranyl form, is em- 
ployed as the radiotracer because it is artificial, 
and therefore absent from the depleted U solu- 
tion. Daughter products in the 232U stock stan- 
dard solution which also emit cc-particles (Fig. 1) 
typically have to be removed just prior to sorption 
experiments to eliminate interference with the 
232U cc-particle scintillation energy spectrum dur- 
ing analytical detection. 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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It has long been known that anion-exchange 
resins can be used with HCl eluent to effect U(V1) 
solution cleanup by initial selective retention fol- 
lowed by elution [2-41. Empirical partition co- 
efficients on anion-exchangers indicate that U(V1) 
is strongly sorbed in 9-12 M HCl, and poorly 
retained in 0.1 M HCl [5,6]. Cation-exchange 
methods [7-91 and the use of other eluents for U 
separation [lo- 121 have also been published. A 
recently developed anion-exchange resin, U/ 
TEVA (EiChrom, Darien, IL), has been applied 
to cleanup of U-containing solutions [13,14], but 
did not improve U/Th separation over prior an- 
ion-exchange resins [ 151. 

A brief description is presented here as an 
update of the basic anion-exchange preparative 
procedure for isolating the 232U isotope in 
aqueous HCl media, and this illustrates the suc- 
cessful separation with a-particle scintillation en- 
ergy spectra of the eluted fractions. Previous 
works differ in the radioisotope (i.e. 238U and 
233U), and analytical instrumentation (e.g. neu- 
tron activation analysis, Geiger-Muller radiomet- 
ric counter, laser kinetic phosphorimetry, mass 
spectrometry) used. 

2. Experimental 

A preparative ion-exchange column was set up 
by packing a 0.7 cm i.d. x 10 cm length borosili- 
cate chromatography column (Kontes, Vineland, 
NJ) with a slurry made up of 100 mg 100-200 
mesh AG 1 -X8 chloride-form anion exchange resin 
(Bio-Rad, Richmond, CA) and MilliQ-grade dis- 
tilled-deionized water. A stopcock was attached 
to the column outlet for flow control. The resin 
was conditioned for storage until use by passing 
through 15 ml of 0.1 N HCl in 2 ml aliquots. 

In preparation for the ion-exchange procedure, 
the resin was conditioned by passing through 2 ml 
of concentrated HCl. Unless otherwise noted, all 
eluents in this procedure were added in 0.5 ml 
aliquots to minimise upwards diffusion of solutes. 
25 ~1 of a nominal 100 PCi 232U stock solution 
not in equilibrium with daughters (Isotope Prod- 
ucts Laboratories, Burbank, CA) in 0.28 ml 2 N 
HCl was diluted with 10 ml of 2 N HCl, to 
produce a lower radioactivity reagent solution for 
handling in regular use for the preparative ion-ex- 
change step. 0.5 ml of the diluted 232U stock 
( z 0.45 PCi) was combined with 2 ml of concen- 
trated HCl, then passed through the resin. The 
outflow was collected as fraction I. The resin 
column was then flushed with an additional 2 ml 
of 0.1 N HCl. The outflow was collected as frac- 
tion II. The pH was then raised by passing 
through 2 ml of concentrated HCl. The outflow 
was collected as fraction III. The stopcock was 
closed. The first 0.5 ml aliquot of another 2 ml 
portion of 0.1 N HCl was added, and the column 
was allowed to stand for 15 min. The stopcock 
was then reopened, and the remaining 0.1 N HCl 
portion was passed through. Outflow was col- 
lected as fraction IV. The resin was then washed 
by adding 5 ml of 0.1 N HCl. Before the last 0.5 
ml aliquot was added, the stopcock was closed 
and the cap twisted on to prevent the resin drying 
out. 

To determine that the separation was per- 
formed satisfactorily, 50 ~1 of each fraction was 
combined with 15 ml of Ultima Gold XR scintil- 
lation cocktail (Packard Instrument Company, 
Meriden, CT), and analyzed on a Packard 
TR2500/AB Liquid Scintillation Analyzer set to 
CPM mode. All analyses were performed with a 
count time of 60 min. 

232 a 
u- 

92 68.9 v 
3. Results and discussion 

1 

Scintillation spectra in the instrument’s full 
a 3.66d scale detector range of O-2000 keV of the col- 

212pb A 
a 

82 0.15 s 
‘i)o - ‘i>n 

lected fractions are shown in Fig. 2. It is impor- 

55.6 s 
tant to note that experimentation with a variety of 
commercial cocktails showed that peak positions 

Fig. 1. The cr-particle radioactive decay series of 232U. and height/width may differ. In practice, a more 
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Fig. 2. Liquid scintillation counting energy spectra of fractions from 232U ion-exchange separation. Total counting time = 60 min. 

narrow energy window is used for counting after 
establishing peak variations under a range of ap- 
plicable experimental conditions [16], in order to 
ignore remaining low energy interferences, and 
relatively higher energy ingrowths that may occur 
before actual use of the purified radiotracer. 

Fraction IV, characterized by a single peak over 
a narrow energy range in the energy distribution 
spectrum, indicates the successful separation of 
U(W) from daughter products. The daughter 
products are also shown to have been mostly 
eluted in fractions I and II. The relatively low 
profile in the fraction III spectrum indicates that 
little U(V1) is eluted with the first 2 ml pass of 0.1 
N HCl. A trace of /? activity is observed in 
fraction IV, but it is much less than that found in 
other fractions. 

The activity of daughter products is compara- 
tively significant to the 232U parent activity. 232U 
decay accounts for about 2% disintegration of the 
parent atoms, and the supplier reported a small 

( < 1%) error in the nominal starting activity. The 
extent of 228Th ingrowth can be estimated from 
the equation [17]: 

A Th-228 = A,.,,,& 1 - e - iTh-228r) 

where 

(1) 

~ 0.693 A=- 
t,,, 

(2) 

and 2, t,:,, A and A(,, respectively represent the 
decay constant, half-life, activity at time t, and 
activity at time t = 0. The anion-exchange separa- 
tion was performed at approximately t = 2.1 
years, which with Eq. (1) yields a An-228/AU-232c,,j 
value of about 53%. Additionally, since the decay 
series comprises daughter products with decreas- 
ingly smaller half-lives, and daughter products 
have had adequate time to be established in de- 
tectable quantities, each 232U decay is essentially 
manifested as five a-particle emissions. Therefore, 
total a-particle activity due to daughter products 
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Fig. 3. Liquid scintillation counting energy spectra of *‘*U 
radiotracer 2.1 months after purification. 

is expected to be approximately 2.5 times greater 
than that of 232U which is qualitatively illustrated 
by the data, and further iterates the importance of 
the preparative treatment. 

To illustrate the significance of short-term in- 
growth, 20 ~1 of fraction IV was analyzed about 
2.1 months after purification. A shoulder to the 
232U peak is shown in Fig. 3. The ratio A,.,,,,,/ 
A”-232(O, is calculated to be approximately 6%. In 
our isotope dilution procedure, we have typically 
discarded or repurified the radiotracer 1 month 
after purification when the calculated AThm2,,/ 
A u-232(0) ratio is 3%. 

Ix 
X 

I 1 I I 
0 20,000 40,000 60,000 8C 

COUNT RATE, COUNTS PER MINUTE 

Fig. 4. Count rate data from liquid scintillation analysis of 
232U anion-exchange preparation fractions. 

In Fig. 4, the count rates are compared for the 
sequence of elutions including the initial separa- 
tion (fractions I-IV), a pair of 2 ml washes with 
0.1 N HCl (fractions V and VI), and the separa- 
tion of fraction II using the same anion-exchange 
procedure (fractions VII-X). From analyzing 
post-separation wash fractions, it was found that 
up to 5% may elute with each wash. The minor 
quantity of 232U retained on the resin might be 
attributed to mobile phase-stationary phase par- 
titioning. Furthermore, the repeat of the ion-ex- 
change separation procedure with fraction II 
showed that up to 13% of total 232U activity (or 
3% of the total activity) was subject to pass- 
through. All of the activity of fraction II is bal- 
anced by the activities observed in fractions 
VII-X, illustrating recoverability of the radioac- 
tive components. 

4. Conclusions 

232U(VI) is purified on Bio-Rad AGl-X8 anion 
exchange resin using HCl as the eluent. The neces- 
sity for the preparative procedure in the use of 
232U(VI) as a radiotracer is illustrated by liquid 
scintillation detection of the anlayte of interest and 
daughter product ingrowth interferences over- 
lapping in the x-particle energy region. 232U(VI) 
not recovered was either passed through the 
column in earlier elutions or retained by the resin 
due to mobile phase-stationary phase partitioning. 
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Abstract 

The computer program SPARC was used to calculate the pKa values of some important pharmaceutical substances. 
The SPARC models proved to be suitable for estimating the pK, values of beta-adrenergic blocking agents and 
benzodiazepine drugs. Ionization macroconstants, microconstants, zwitterionic equilibria, speciation curves as a 
function of the pH and the isoelectric points of a semi-essential amino acid, arginine, and an anti-inflammatory, 
niflumic acid, were calculated. 

Keywords: SPARC computer program; pK,; Pharmaceuticals 

1. Introduction 

Knowledge of the aqueous ionization of a sub- 
stance is of great importance in drug design and 
environmental regulatory compliance in the phar- 
maceutical industry. For example, the pK, value 
of a compound controls many aspects of drug 
metabolism, including the fate of the drug in the 
body and transport through membranes which 
are frequently permeable only to a particular spe- 
cies. In chemistry, pK, values can be used to select 
conditions for synthesis by considering the effects 
of pH on reaction products and on the properties 

* Corresponding author. Fax: + 706-542-9454. 

of postulated intermediates that may not be mea- 
surable. The pK, values may also assist in the 
interpretation of pH titration curve measurements 
where multiple acidic and/or basic sites are 
present. 

With sensitive electrodes, potentiometric mea- 
surements can be a rapid technique for the deter- 
mination of p&, provided that the solubility of a 
substance is at least 10 - ’ M. If the substance is 
less soluble than this but possesses an analytically 
useful chromophore, then spectroscopic methods 
can be employed. When solubilities become 
extremely low, below 10 -6, experimental deter- 
mination of many physical/chemical properties 
becomes difficult. In such cases, calculation 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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schemes may become the best alternative to char- ous [l-4]. The pK, value for a molecule of inter- 
acterize thermodynamic properties including ion- est is expressed in terms of the contributions of 
ization pKa. both P and C. 

Recently, we have developed mathematical 
models for predicting chemical reactivity parame- 
ters and physical properties of a wide range of 
organic compounds using SPARC [l-5] (SPARC 
Performs Automated Reasoning in Chemistry). 
SPARC uses computational algorithms based on 
fundamental chemical structure theory to esti- 
mate ionization pK, values of a wide range of 
molecules strictly from their molecular structure. 
SPARC predictive methods are based on a blend- 
ing of the well-known, established methods of 
linear free energy reltionships [6] (LFER) and 
perturbed molecular orbital theory [7] (PMO). In 
general, SPARC utilizes LFER to compute ther- 
modynamic or thermal properties and PM0 the- 
ory to describe quantum effects such as 
delocalization energies or polarizabilities of 71 
electrons. In reality, every chemical property in- 
volves both quantum and thermal contributions 
and necessarily requires the use of both of these 
methods for prediction. 

PK, = (PKJ, + &(PKJ, (1) 

where (PK.& describes the ionization behaviour 
of the reaction center, and S,(pK& is the 
change in ionization behaviour brought about by 
the perturber structure. SPARC computes reactiv- 
ity perturbations, &.(pK&, which are then used 
to “correct” the ionization behaviour of the reac- 
tion center for the compound in question in 
terms of potential “mechanisms” for interaction 
of P and C as 

J,(PK& = UPKJ, + &,,(pK& + &,,,(pKJc 

+ 6, - bond(~Ka)c c-4 

where &,(pKJ,, &,,(pK&, &,,(pK& and 6, - 
bond(pK& describe the differential resonance, 
electrostatic interaction, solvation and H-bonding 
of P with the protonated and unprotonated 
states of C respectively. Electrostatic interactions 
are derived from local dipoles or charges in P 
interacting with charges or dipoles in C. S,, de- 
scribes the change in the delocalization of n elec- 
trons of the two states due to P. H-bonding and 
solvation effects are derived from interactions of 
the structural elements of P that are contiguous 
to C with the two states through H-bonding or 
steric blockage of solvent access to C respec- 
tively. 

2. Calculation of ionization pK, 

The details of the SPARC pK, computational 
methods were presented in previous publications 
[l-5] and hence only a brief description will be 
given here. SPARC seeks to analyze chemical 
structure relative to a specific reactivity query in 
much the same manner as an expert chemist 
would. Molecular structures are factored into 
functional units called reaction center and per- 
turber. The reaction center, C, is the smallest 
subunit that has the potential to ionize and lose 
a proton to the solvent. The perturber, P, is the 
molecular structure appended to the reaction 
center, C. The perturber structure is assumed to 
be unchanged in the reaction. The pl%, value of 
the reaction center is either known from direct 
measurement or is inferred indirectly from pK, 
measurements. The pK, of the reaction center is 
adjusted for the molecule in question using the 
mechanistic perturbation models described previ- 

Resonance effect models (including steric twist- 
ing and its impact on the n-resonance integrals) 
were developed and calibrated on light absorp- 
tion spectra using PM0 theory [4,7]. Electro- 
static, solvation and H-bonding models were 
developed and calibrated using ionization pK, 
values based on both LFER and PM0 theory. 
These reactivity models have been used to esti- 
mate both ionization pK, and electron affinity 
for a large number of molecular structures [2-51. 
More recently, the SPARC pK, calculator was rig- 
orously tested on 4338 pK, values for some 3685 
compounds including multiple pK, values up to 
the eight pK, spanning a range of over 30 pK, 
units [5]. The RMS deviation for this large set of 
values was found to be 0.37 pf(, units. 
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3. Results and discussion 

Although /?-adrenergic blockers were originally 
developed for the treatment of angina pectoris, 
they have numerous other clinical applications for 
the treatment of hypertension, arrhythmia, thyro- 
toxicosis, hypertrophic cardiomyopathy, migraine 
and glaucoma. According to Perrin et al. [8], 
beta-blockers are ionized and are not absorbed 
through the stomach. In the intestine, the pH is 
elevated and this will promote the absorption of 
these drugs. P-blockers are classified into two 
major groups according to their chemical struc- 
ture: (i) amino alcohol derivatives such as amosu- 
lalol, bufuralolol, nifenalol and sotalol with the 
general structure 

OH R* 

RIAHCH,NH ,H c/ 

I 

(ii) phenylethers with amino-2-propanol such as 
propranolol, pindolol and practolol, with the gen- 
eral structure: 

OH CH, 

c! R,OCH,CHCH,NH R, 

\ H3 
II 

The pK, value for the OH group in both struc- 
tures is greater than 14 and is of less importance 
to this study. The acid-base characteristics of 
these chemical structures are mainly due to the 
ionization of the N atom in the N-terminal iso- 
propyl group, which is necessary for the pharma- 
cological action. The pK, values for structures I 
and II (R = H) are 10.1 and 9.7 respectively. The 
(PKJC value of the N atom (pK, for ammonia 
including statistical correction of 0.6 (log 4) where 
there are four equivalent ionizable H sites and 
only one protonation site) is 9.2 and the perturba- 
tions in both structures are relatively small. Sigma 
induction from the two hydrophilic groups at- 
tached to the N atom tend to raise the pK, while 
differential solvation effects tend to lower the pK,. 
Direct electrostatic interaction of the dipole mo- 

ment of the OH and ROR’ groups will stabilize 
both the structures, making each one more acidic. 
For all the /?-adrenergic blockers shown in Table 
1 the pK, values range from 8.9 to 10.1 depending 
on the strength of the dipole moment of the 
substituents in the structure R. The case for 
prizidilol is somewhat more complicated. There 
are five basic ionizable sites (three aliphatic N 
groups and two in-ring N groups) and one 
acidic-OH site. There are four major distinguish- 
able microscopic species (concentration above 
1%) between pH 2 and 12, as shown in Fig. 1. At 
pH values greater than 9.1 and less than 14 the 
prizidilol exists in solution as a neutral. At pH 
values below 9 the N atom begins to protonate. 
Below pH 4.6, both the in-ring N atoms start to 
convert from the basic to the acidic form. 

The benzodiazepine drugs have hypnotic, tran- 
quillizing, anticonvulsant and anxiolytic proper- 
ties. The main chemical characteristic of 
bezodiazepines is the presence of a benzene ring 
fused with a seven-member ring with nitrogen 
atoms at the 1 and 4 positions. The acid-base 
properties of benzodiazepines are due to the nitro- 
gen atom in position 4 (=N). The structural for- 
mula and calculated/observed pK, values of some 
benzodiazepines are given in Table 2. These com- 
pounds have a low pK, value and can be absorbed 
rapidly from the gastrointestinal tract to the 
blood where they become un-ionized. Such com- 
pounds are usually administered orally. However, 
if very rapid action is required they can be admin- 
istered by intravenous injection. 

4. Zwitterionic equilibria 

There is not a huge body of literature on zwitte- 
rionic equilibria constants of drugs, although 
many molecules contain both acid and base func- 
tionality where both the base and the acid sites 
may be simultaneously ionized to form an internal 
salt. These substances are referred to as zwitter- 
rionic. At low and high pH, the cationic species 
and anionic species predominate respectively. The 
internal salt predominates as an intermediate over 
a wide range of pH. Actually, the zwitterion and 
the uncharged molecule are in equilibrium in 
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Table 1 
Ionization pK, values of the beta blockers in aqueous media 

Structure Name Calc. Ohs.” 

Acebutolol 9.2 9.4 

2 3 

&IT bHcHzmqcH3)3 

Alprenolol 

Amosulalol 

Bevantolol 

Bopindolol 9.0 . . . . . . . 

Bucunmlol 9.1 . . . . . . . 

Bufuralol 

Bufetolol 

9.3 9.5 

10.1 10.2 

9.4 9.6 

8.9 . . . . . 

9.2 ....... 

2.3 ....... 
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Table 1 (contd.) 

Structure Name Calc. Obs.” 

Bupranolol 9.4 . . . . . 

Butofilolol 9.2 

Cal-aZOlOl 9.4 . . . . . 

Carbuterol 9.1 

9.4 

. . . . . . 

9.0 

9.3 Mepindolol 

Nadolol 9.5 9.7 

Nifenalol 9.0 
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Table 1 (contd.) 
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Structure Name Calc. Obsa 

CH2CH=CH2 

P 
pcHzCHCHzNHCH(CH,), 

P 
QCHzCHCHzNHCH(CH3))z 

Nipradilol 

Pindolol 

Practolol 

Propranolol 

SOblOl 

OCH$kH2NHG(CH3), 
TinA 

9.2 

9.4 

9.5 

9.4 

9.4 

9.4 

8.9 

9.5 

9.5 

9.8 

a Observed values are from Ref. [14,15]. 

aqueous solution. In such cases, the ionization 
macroconstants which describe the overall acidity 
or basicity of these molecules cannot be assigned 
to individual species or fully describe such an 

equilibrium. However, the microscopic constants 
are the equilibrium constants for equilibria in- 
volving individual species in solution. When two 
or more such species exist in solution, the micro- 
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6 9 12 

PH 

H P 
YH 

HCH$‘JHCH(CW)2 
OCH-LCHCH$‘JH~+CH(W)Z 

1 
?H TH 

2CHCH2NH2+CH(CTQ OCH,CHCH2NH~+CH(CH,~ 

NfQ’iH2 

3 4 

Fig. I. The fraction of the four major microscopic species of prizidilol between pH 2 and 12. The ionization of the OH group and 
any pK, values < 2 were neglected (see text). 

scopic constants may not be able to be determined 
distinctly. These constants provide informtion on 
the individual proton-binding sites and their inter- 
actions with other sites in the molecule. Thus, 
microconstants are the proper terms for exact 
characterization of both the speciation and basic- 
ity/acidity of multiple acidic/basic ligands. Esti- 
mation of these microconstants is useful in 
calculating the pH-dependent concentrations of 
the different microspecies, and in the calculation 
of zwitterionic equilibria. 

Niflumic acid is a potent drug used in the 
treatment of inflammatory and rheumatic disor- 

ders. The molecule contains three possible ioniz- 
able sites: two basic sites (in-ring N, NH,) and the 
acidic CO,H site. There are 12 possible micro- 
scopic species or states. Table 3 .shows the ob- 
served vs. SPARC calculated microscopic and 
macroscopic constants for niflumic acid. The no- 
tation for the microconstants follows the scheme 
first proposed by Hill [9] and is shown in Fig. 2. 
The ionizing group of interest is indicated in the 
microscopic pK by the last number in the sub- 
script. Any numbers preceding this in the sub- 
script denote other groups in the molecule which 
already exist in the basic form when the ionization 
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Table 2 
Ionization pK, values of benzodiazepines in aqueous media 

Molecule RI R2 R3 R4 RS SPARC Obs.” 

Medazepam 
Diazepam 
Nitrazepam 
Flurazepam 
Flunitrazepam 
Clonazepam 
Oxazepam 
Lormetazepam 
Lorazepam 
7-Aminonitrazepam 
7-Acetamidonitrazepam 
7-Aminoflunitrazepam 
N-I-Desalkylflurazepam 
Delorazepam 
Fludiazepam 
Nimetazepam 
Nordazepam 

Me H H H Cl 5.05 4.4&6.2b 
Me =o H H Cl 3.02 3.4 
H =o H H H 2.58 3.2 
C,H,NEt, =o H F Cl 1.82 2.00 
Me =o H F NO, 2.35 I .80 
H a H Cl NO, 2.30 1.57 
H =o OH H Cl I .70 1.70 
Me =o OH Cl Cl 0.92 1.30 
H =o OH Cl Cl 0.97 1.00 
H =o H H NO, 3.62 4.51 
H =o H H NHCOCH, 3.00 3.20 
Me =o H F NO, 3.44 3.55 
H =o H F Cl 2.79 2.51 
H =o H Cl Cl 2.10 2.17 
Me =o H F Cl 2.58 2.22 
Me =o H H NO, 2.58 2.63 
H =O H H Cl 3.10 3.48 

a Observed values are from Ref. [15- 171 
b Protonation of NH, not =N 

under consideration is taking place. Thus pKZ3 
denotes the pK value for the ionization of the 
in-ring N group when the NH: group has al- 
ready been converted to the conjugate base, NH,. 
Since the number 1 does not appear in the sub- 
script 23, its absence denotes that group 1, the 
carboxyl, is still in the unionized form for the 
reaction in question. Only four of the eight possi- 
ble microscopic species (indicated by an asterisk 
in Fig. 2) have appreciable concentration in the 
pH range between O-10 as shown in Fig. 3. 
Hence, only four microscopic constants are 
needed to describe the equilibria as was suggested 
by Takacs-Novak et al. [lo]. The zwitterionic 
equilibrium constant, k,, may be determined us- 
ing the left or right path of the cycle of the major 
species in Fig. 2. Since both thermodynamic paths 
give the same zwitterion product, k,, may be 
expressed as a .function of the microscopic con- 

stants within any loop as 

(3) 
A21 K231 

The integrity of the SPARC pK, calculator can 
be checked by calculating k,, using the two differ- 
ent loops. For niflumic acid, pK,, is found to be 
1.3 and 1.4 for the first and second paths respec- 
tively. k,, values calculated from different ther- 
modynamic paths (pK, = 1.36). 

The fraction of each of the microscopic species 
formed by a molecule of interest with multiple 
ionizable sites can be expressed as function of pH 
in terms of the microconstants. If we start from 
the neutral species (uncharged species) rather than 
from the positively charged species, the fraction of 
any microscopic species for a molecule having N 
ionizable sites can be expressed in general as 
D, . . klD where D can be expressed as 
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* 

/ 
k?31 

Fig. 2. The eight microscopic states of niflumic acid and the 12 ionization constants which interrelate them. Asterisks identify the 
four major microscopic species. 

1 1 kWILr c c M,[W I 
o=z+ l! + 

i j#i 

2! + + . . . . . 

cc ... 1 k,kii...k,,...,[H]Lv --k 
X 

i ,+i k z ij... 

N! (4) 

where L,. . .k is the charge of the final state 
(ij. . -k state). The factorial is the number of 
different thermodynamic paths that lead to the 
ij.. . k state and D,. .k is one of the terms in the 
denominator. For example, the fraction of neutral 
species would be l/O and the fraction of a singly 
ionized species would be ki[HILl/D. 

In addition, the isoelectric point can be esti- 
mated by plotting the fraction of neutral or zwit- 

terionic species versus pH. The pH at the middle 
of the zwitterionic (or any other species where the 
total net charge of the molecule is zero) range is 
the isoelectric point. At the isoelectric point more 
than 90% of the niflumic acid exists in solution as 
a zwitterion. Because of this niflumic acid can be 
absorbed rapidly and distributed well in the body. 

Arginine is a semi-essential amino acid which 
plays an important role in the binding of proteins, 
and as a metal-complexing agent. Due to its bio- 
logical significance, the acid-base properties of 
arginine have been studied in detail [ll]. It has 
five different ionizable sites: an acidic CO,H site, 
a basic =N site and three NR, groups acting as a 
base (NR, as an acid was not ionized). Since each 
of the five groups may exist in either the acidic or 
basic state, there are 32 possible microscopic spe- 
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PH 
Fig. 3. Fraction of the four major microscopic species of niflumic acid as a function of pH: (1) the neutral species; (2) negatively 
charged species; (3) zwitterionic species; (4) positively charged species. 

ties or states. The most positive of these 32 states 
is the cation, with net charge z = + 3; the most 
negative is the anionic species, with z = - 1. Each 
of the ionizable groups in arginine is characterized 
by 16 microconstants, since the tendency of each 
group to accept or donate a proton depends on the 
ionization state of the other four groups. Hence, 
there are 80 microscopic ionization constants con- 
necting the 32 possible microscopic species. 

SPARC calculates the 80 microconstants required 
to describe the fraction (population) of the varius 
microscopic species. Only four of the 32 possible 
microscopic species are calculated to have appre- 
ciable concentration (above 1%) in the pH range 
0- 15. The fraction of each of these microscopic 
species as a function of pH is shown in Fig. 4. At 
pH > 15 all five sites are completely ionized and 
the arginine is negatively charged. At pHs between 
15 and 8.5 arginine exists in solution as a zwitteri- 
onic species where both the =N and CO,H groups 
are simultaneously charged positively and nega- 
tively respectively. In addition, the titration curve 
(charge curve) in Fig. 5 can be determined by 
multiplying the fraction-species curve by the 
charge on the species and summing over all species. 

The observed vs. SPARC-calculated ionization 
macroconstants of arginine are shown in Table 

3. The estimated ambiguity of the observed values 
according to Noszal and Kassai-Tanczos [l l] is 
0.02-0.06 log K units except for the pK, value of 
arginine which was estimated to be 15 at I = 2.0 M, 
where the measurement error is 0.1-0.2 pK units. 
Although the measurement error may be as small 
as 0.2 pK, units we believe that the ionic strength 
perturbation may make the actual error much lar- 
ger and that it can be as high as 1.1 pK, units for 
pK,. It is expected that pK, would be higher than 
the pK, value for guanidine (13.6 [12,13]), H,NC 
(=NH) NH,, by only a few tenths of a pK, unit. 
The dipole field effect of the NH, group in the stru- 
cture (CH,),C(NH,)CO, - should stabilize argin- 
ine and make it more acidic than guanidine while 
the CO,-charge field effect will raise the pK, value. 
For example, compare the pK, values at 25°C for 
3-hydroxybenzoic acid (10.2) and 3-hydroxyaniline 
(9.8), where the OH group is the ionizable site, to 
that of phenol (10.0). At a distance of separation 
r between the guanidine group and the CO,-/NH, 
groups in the arginine, the effect of CO,- will defi- 
nitely oercome the effect of NH, because charge 
field effects depend on l/r while the dipole field 
effect is l/r2 (see Refs. [3, 41). Because r is so large 
both effects are small and pK, is more basic than 
the pK, value for guanidine by only a few tenths. 
In addition, pKcG, where the arginine is in the neu- 
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PH 

iF+ p’ F+ p3’ 

NWNHCWXCkC=Q?- Nl+CNHCHKH$ZH&HCOzH 

3 4 

Fig. 4. Fractions of the four major microscopic species of arginine as a function of pH. The four major microscopic species are 
shown below the plots. 

tral state (see Ref. [l l]), is certainly expected to be 
lower than the pK, value of guanidine because of 
the field effects of both dipole groups (CO,H and 
NH,) and not higher as reported by Noszal and 
Kassai-Tanczos [ 111. Finally, the macroscopic pK, 
ranges in all the other reported measurements 
[ll], 11512.6, 8.8-9.3 and 1.9-2.2 for pK,, pK, 
and pK, respectively, are lower than their mea- 
sured pK, values. Even the upper limit of this 
range for pK, is still much lower than 15. Because 
of this, calculated values for pKG,, pK$, pK2 
and pKG of the =N group for the neutral, NH,+, 
NH,+ /CO, and CO, species are expected to be 
higher than the actual values. 

5. Summary 

In this paper we applied the SPARC computa- 
tional algorithms to estimate ionization pK, 
values of several important pharmaceutical sub- 
stances. The SPARC technique allows the calcula- 
tion of all the microscopic ionization constants 
for complex molecules. The ability to calculate 
these microconstants allows this technique to cal- 
culate complex speciation as a function of pH. 
From this complex speciation several other im- 
portant physical properties such as zwitterionic 
equilibrium constants and isoelectric points can 
be extracted. 
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5 10 15 

PH 
Fig. 5. Titration curve for arginine (top) and its derivative (bottom). The three macroscopic pK, values are shown in the bottom 
curve. 

Table 3 
(a) Ionization of Microconstants of Niflumic Acid and 
Arginine 

PK Niflumic acid PK Arginine 

SPARC” Obs. [lOJb SPARC Obs. [Illb 

PK, 0.4 - pKG 14.0 15.0 
PK,, <O - pKA 9.23 9.51 
PK, 23 4.4 4.41 pKC 3.95 4.48 
pK23, 2.8 3.18 PK: 13.2 14.8 
PK,, <O - P@ 13.5 14.9 
PK,,, <O - PK? 8.32 9.30 
pK2 <0 - PK:A 1.73 2.14 
PKN 1.8 2.28 PKP 8.00 7.33 
pK23 3.2 3.52 PK: 3.70 4.35 
pK, <O - PK: 2.01 2.30 
PK,, 1.4 - PK:, 12.7 14.7 
p&2 <O - PK$ 7.02 7.12 

a Ionization forms of the corresponding constants as shown in 
Fig. 2. 
b Observed values of niflumic acid were determined by NMR, 
while the observed values for arginine were determined by 
potentiometric titration. 

Table 3 
(b) Ionization macroconstants, Isoelectric Points and Zwitteri- 
onic Constants of Arginine and Niflumic Acid at 25°C 

PK Niflumic acid Arginine 

SPARC Obs. [IO] SPARC Obs. [l 11 

PK, 4.31 4.44 13.9 11.4-15 
pK2 I .80 2.26 8.80 8.8-9.4 
PK, 1.90 1.8-2.2 

PK,, 1.39 1.36 7.90 - 
Isoelectric point 3.01 3.30 11.40 - 
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Abstract 

The polynuclear complexation of divalent 3d transition metal cations with N,N,N’,N’-tetrakis(2-pyridylmethyl)-1,2- 
ethanediamine (tpen) in aqueous solution was investigated. It was found that copper(I1) forms a dinuclear complex 
with tpen in an aqueous solution containing chloride. The composition of the complex was determined as 
Cu,Cl,(tpen)’ + Furthermore, the stability constant of the complex was determined and its structure was postulated 
to be (p--Cl),. 

Keywords: Polynuclear complexation; Transition metal cations; Copper(I1); Tpen 

1. Introduction 

The formation of stable charged complexes of 
metal cations with multidentate ligands in 
aqueous solution is very effective as a pretreat- 
ment method for separation and determination of 
the cations by capillary electrophoresis [l-S] or 
ion-interaction chromatography [9- 161. However, 
it is well known in the field of inorganic chemistry 
that the’ cations and ligands often form polynu- 
clear complexes. These complexes can be regarded 

* Corresponding author. Fax: (81) 762-64-5742 

as by-products and interfere with the determina- 
tion of the cations using the formatioq reaction of 
mononuclear complexes. Therefore, to be able to 
use these mononuclear complexation reactions an- 
alytically it is very important to obtain informa- 
tion concerning the polynuclear complexations, 
such as stability constants. 

N,N,N’,N’ - Tetrakis(2 - pyridylmethyl) - 1,2 - eth- 
anediamine (tpen) [17] is an uncharged sexaden- 
tate ligand. This ligand forms very stable charged 
complexes with many divalent transition metal 
cations in aqueous solution [18], but it sometimes 
acts as a pentadentate ligand [lg]. Although the 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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only analytical use of tpen reported previously 
[19,20] was as a masking agent of heavy metal 
cations for the measurement of Ca2+ in a cell, it 
can be expected that tpen is a useful ligand in 
analytical chemistry. 

Q $ 

In this paper, the authors investigated the for- 
mation of polynuclear complexes of divalent 3d 
transition metal cations with tpen in aqueous 
solution. As a result, it was found that copper(I1) 
forms a dinuclear complex with tpen, and the 
stability constant of the complex was determined. 

2. Experimental 

All reagents and solvents were of analytical- 
reagent grade and were used without further 
purification. 

The synthesis of tpen was performed by modi- 
fying the method of Anderegg and Wenk [17] as 
follows. To a solution of 2-(chloromethyl)pyridine 
hydrochloride (3.3 g; 20 mmol) in water (8 cm3) 
previously neutralized with sodium hydroxide, 
1,2-ethanediamine (0.34 cm3; 5 mmol) was added 
with stirring. The reaction mixture was heated 
(65°C) and more 4 M NaOH (5 cm3; 20 mmol) 
was added over a period of 1 h in small portions. 
The red solution was cooled and extracted with 
chloroform (5 x 10 cm3). The combined organic 
phases were dried over anhydrous sodium sulfate. 
After removal of the chloroform with a rotary 
evaporator, a red oily residue was obtained. By 
adding diethyl ether (10 cm3) to the residue, a 
brown precipitate was obtained. The precipitate 
was recrystallized twice from acetone (30 cm3). 

Table 1 
Several equilibrium constants relevant to tpen [IS] (2O”C, 
Z= 0.1 (KNO,)) 

Acid dissociation constants 
H,tpen4+ + H,tpen3+ +H+ pK,, = 2.95 
H,tped+ z+ H&en*+ +H+ pK, = 3.35 
H,tpen*+ e Htpen+ + H l pK,, = 4.86 
Htpen+ s tpen+H+ pK,, = 7.19 

Stability constants of mononuclear complexes 

tpen + Mn*+ S Mn(tpen)*+ log p, = 10.27 
tpen+Fe*+ ti Fe(tpen)*+ log p, = 14.61 
tpen + Co’+ * Co(tpen)2+ log /?, = 16.59 
tpen + Ni’+ s Ni(tpen)*+ log p, = 21.55 
tpen + Cu*+ * Cu(tpen)*+ log /?, = 20.54 
tpen + Zd+ S Zn(tpen)*+ log /I, = 15.58 

Finally, a white precipitate of the desired chelat- 
ing agent (tpen) was formed, filtered off, washed 
with cold acetone and diethyl ether, and dried 
under vacuum. Yield: 50%. ‘H NMR (CDCI,); 6 
2,76 (s, 4H, en), 3.78 (s, 8H, N-CH,-R), 7.11 (m, 
4H, PY), 7.45 (4 4H, PY), 7.57 Cm, 4H, PY), 8.48 
(d, 4H, py). Anal: talc. for C,,H,,N,: C, 73.56; H, 
6.65; N, 19.79; found: C, 73.41; H, 6.75; N, 19.87. 

The synthesis of N,N,N’,N’-tetrakis(2-pyra- 
zolylmethyl)- 1,2-ethanediamine (tpzen) and N,N,- 
N’,N’-tetrakis(3,5-dimethyl- 1 -pyrazolylmethyl)-1, 
2-ethanediamine (tdmpzen) was performed by 
using the method of Driessen [21]. 

The absorption spectra of solutions at 20°C 
were recorded on a JASCO U-best 30 UV-visible 
spectrophotometer in the range 200-900 nm using 
1 cm matched quartz cells. pH values were ob- 
tained using a Horiba F-12 pH meter with a 
Horiba 6366-10D combined glass electrode. 

3. Results and discussion 

3.1. Composition and stability of Cu’ + - tpen 
dim&ear complex 

Table 1 shows the acid dissociation constants of 
tpen, which is a hexa-acidic base, and the stability 
constants of mononuclear divalent 3d metal com- 
plexes with tpen [17]. From these constants, the 
influence of protonation of tpen on the following 
study is obviously negligible. 
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First, Job’s continous variation method [22,23] 
was applied to confirm the compositions of M2+ 
-tpen complexes (M = Mn, Fe, Co, Ni, Cu, Zn) 
in aqueous solutions containing 0.1 M NaCl, 
NaNO, or NaClO, to adjust the ionic strength 
Z = 0.1. With the exception of the Cu2 + -tpen 
complex in 0.1 M NaCl, all of these compositions 
were confirmed as 1:l. However, as shown in Fig. 
1, it was not confirmed that CL? + and tpen form 
only Cu(tpen)2 + in the aqueous solution contain- 
ing Cl -. This result suggests the formation of a 
relatively unstable polynuclear Cu2 + -tpen com- 
plex containing Cl -. 

To study the composition of the polynuclear 
complex, the continuous variation plot for Cu2 + - 
Cu(tpen)2 + was performed. In this experiment, 
the formation of Cu(tpen)2+ was regarded as 
being complete. From the result shown in Fig. 2, 
it was proved that the polynuclear complex spe- 
cies having a ratio of Cu2 + :Cu(tpen)’ + of 1: 1, i.e. 
Cu2 + :tpen = 2:1, is formed in aqueous solution 
containing Cl-. In other words, the polynuclear 
species is shown as Cu2Cl,(tpen)(4 -n) + . 

To determine n, the following experiment was 
performed. In considering the equilibrium 

Cu2 + + Cu(tpen)2 + 

+nCl- $ Cu,Cl, ( tpen)(4 - n) + (1) 
[Cu2Cl,(tpen)(4 -n) +] 

Kdi = [Cu’ +][Cu(tpen)2 +][Cl -1 (2) 

Fig. 1. Continous variation plots for Cu* + -tpe.n complex in 
0.1 M NaCl aqueous solution (I=O.l). C(Cu’+)+ 
C(tpen) = 2 x 10V3 M; pH 4.5; R = 685 nm. 

Fig. 2. Continous variation plots for Cu’ + -Cu(tpen)2+ com- 
plex in aqueous solution (I = 0. I). C(Cu* +) + C(Cu(tpen)* + 
) = 2 x 10W3 M; pH 4.5; ,? = 685 nm. (0) 0.1 M NaCI; (0) 0.1 
M NaNO,. 

taking C(Cu2 + ) = C(Cu(tpen)2 + ) = C’,, there is 
the folllowing relationship concerning the concen- 
tration of each species in the equilibrium: 

[Cu2 +] = [Cu(tpen)‘+] 

= C, - [Cu2Cl,(tpen)(4-“)+] (3) 

Therefore the absorbance (A) of the solution is as 
follows: 

A = {c,[Cu2Cl,(tpen)(4-“)+] + .s2[Cu2 +] 

+ s3[Cu(tpen)2 +]}Z 

= I(% + WI3 

+ (E, - E;? - s3)[Cu2Cln(tpen)(4-n)+]}Z (4) 

where I is the cell length and E,, ~2 and Ed are 
molar decadic absorption coefficients for 
Cu2Cl,(tpen)(4 - n, + , Cu2 + and Cu(tpen)2 + re- 
spectively. (The value of E, can be obtained from 
Fig. 2.) By taking A, = s,C,,l and A, = (4 + c-&Z 

A, -A = (E, - s2 - Q{CO - [Cu2C1,(tpen)(4-“)+]} 

xl (5) 

A - A, = (E, - 5 - s3)[Cu2Cl,(tpen)(4 ~ n, + ]I (6) 

A, - A, = (E, - &J - &&I (7) 

K = (A - A2K41 - A2) 

d’ (A, - .4)2C,[Cl-] 
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log (A - A&A, - A21 
(A, -Aj2 

= log Kdi + log c, + n log[Cl - ] (9) 

Therefore, by plotting log{(A - A,)(A, - AZ)/ 
(A, - A)2} vs. log[Cl-1, the values of n and 
log Kdi can be obtained. 

Fig. 3 shows this plot for C,, = 1 x 10V3 M, 
pH 4.5 and Z= 0.1 (NaNO,). From the slope 
of the line in the figure, n was determined as 2 
and the dinuclear species was shown to be 
Cu2C12(tpen)2 + . Furthermore, the value of log Kdi 
was determined to be 5.66 (20°C Z= 0.1) and the 
overall stability constant &) for Cu,C12(tpen)2 + 
was calculated as follows: 

2Cu2 + + tpen + 2Cl- $ Cu,Cl,(tpen)’ + (10) 

[Cu2C12(tpen)2 + 1 
p22 = [Cu2 +12[tpen][C1 -1’ 

= B,Kdi (11) 

log j?22 = log ~7, + log Kdi = 20.54 + 5.66 

= 26.20 (2O”C, Z = 0.1) (12) 

As mentioned above, this dinuclear complexa- 
tion reaction proceeds only under the conditions 
of excess Cu2+ and a large excess of Cl -. There- 
fore, the reaction can be avoided by paying atten- 
tion to the experimental conditions. 

(a) 

Fig. 4. Reported coordination structure of Cu(tpen)‘+ (a) [18] 
and proposed structure of Cu,Cl,(tpen)z+ (b). 

3.2. Estimation of the structure of 
Cu,Cl,(tpen)’ + 

It was reported previously [18] that the coordi- 
nation number of copper in Cu(tpen)2+ is five 
and that the mononuclear complex has a square 
pyramidal structure having one uncoordinating 
pyridine N atom, as shown in Fig. 4(a). Possibly, 
the structure causes the deviation of log p, for 
M(tpen)2+ (shown in Table 1) from the Irving- 
Williams stability series. 

Fig. 5 shows the absorbance spectrum of 
Cu2C12(tpen)2 + calculated from the spectrum un- 

Fig. 3. Relationship between the absorbance of Cu(tpen)* + - 
Cu* + solution and the concentration of Cl-(I= O.l(NaNO,)). 
C(Cu*+) + C(Cu(tpen)*+) = 1 x 10W3 M; pH 4.5; A= 685 
nm. See text for details. 

300- 

- 200- 

j 

w loo- 

500 600 700 800 900 

Wavelength (run) 

Fig. 5. Calculated absorbance spectrum of Ct@,(tpen)*+ 
(solid curve) and measured spectrum of Cu(tpen)*+ (broken 
curve) in aqueous solution. 
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der several different conditions and the values of 
Kdi. This spectrum is very similar to that of Cu(t- 
pen)* + . From the result, it is considered that the 
coordination structures around the two Cu atoms 
are very similar to the structure in Cu(tpen)*+, 
i.e. square pyramidal. 

By regarding Cu,Cl,(tpen)‘+ as the @-Cl), 
complex shown in Fig. 4(b), all of the above-men- 
tioned criteria can be satisfied. In the proposed 
structure, it is considered that each Cu atom is 
surrounded by two pyridine N atoms, one amine 
N atom and two Cl atoms and these atoms adopt 
the square pyramidal structure. 

Another supposed structure is that each Cu 
atom is surrounded in square planar fashion by 
two pyridine N atoms, one amine N atom and 
one Cl atom. However, the sturcture is obviously 
unsuitable from the viewpoint of the structural 
change around the Cu atom that occurs with the 
formation of the dinuclear complex. 

bzen 

\Me Me)-l 

tdmpzen 

For the strict study of the coordination struc- 
ture, crystallographic characterization of the dinu- 
clear complex is very effective. However, the 
isolation of the complex has not yet been accom- 
plished. Accordingly, to prove the appropriate- 
ness of the (p-cl), structure, continuous variation 

a .,..,,.,., 
0.0 0.5 1.0 

C~Cu2’~/IC~Cu2’)+C(tp2en)~ 
or C(Cu~+)/~C(CU*+)+C(tdmpzen)~ 

Fig. 6. Continous variation plots for Cuz + -tpzen and CL? + - 
tdmpzen complexes in 0.1 M NaCl aqueous solution (I= 0.1). 
(0) C(Cu2f ) + C(tpzen) = 2 x lo-’ M; pH 6.0; 1= 635 nm; 
(0) C(Cu’+)+ C(tdmpzen)= 1 x 10m4 M; pH 6.0; i= 655 
nm. 

plots for Cu*+ -tpzen and Cu2 + ~ tdmpzen com- 
plexes in aqueous solution containing Cl - were 
performed. Fig. 6 shows the result. The plot 
for Cu*+ -tpzen suggested the formation of 
Cu,Cl,(tpzen)’ + In contrast, that for Cu*+ - 
tdmpzen suggested the absence of Cu,Cl,(tdm- 
pzen) . *+ It is supposed that the 3-methyl groups 
on the pyrazole rings in tdmpzen disturb the 
formaton of the p-Cl bridge by steric hinderance. 
These results support the formation of 
Cu,Cl,(tpen)* + and Cu,Cl,(tpzen)* + complexes 
having two p-Cl bridges. The Cu* + -tpzen and 
Cu’ + -tdmpzen complexes are less stable than the 
Cu* + -tpen complex, and a structural study con- 
cerning these complexes will be described in a 
forthcoming paper. 
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Abstract 

A novel photothermal phase-shift spectroscopy configuration based on the retro-reflected beam interference has 
been developed and its operational principle is described. The weak absorption measurement ability of this technique 
is experimentally proven with a water/ethanol solution of standard Pyronine G dye and the limit of detection is found 
to be 1.8 x lop6 absorbance. Potential applications of the technique are discussed. 

Keywords: Photothermal phase-shift spectroscopy; Weak absorption measurement; Pyronine G dye 

1. Introdruction 

Photothermal spectroscopy is a sensitive spec- 
troscopic technique for weak absorption measure- 
ment. Unlike conventional beam-transmittance 
spectrophotometry, photothermal methods di- 
rectly measure the absorbed radiation of an excita- 
tion beam by monitoring temperature fluctuations 
produced within the medium. Absorbances as low 
as lo-’ are determined by thermal lensing (TLS) 
[l], photothermal deflection (PTDS) [2], and pho- 
tothermal phase-shift spectroscopy (PTPS) [3] 
techniques. Photothermal phase-shift spectroscopy 

* Corresponding author. 
’ Present address: Laboratory of Photoacoustic Science, In- 

stitute of Acoustics, Nanjing University, Nanjing 210093, Ji- 
angsu, People’s Republic of China. 

measures the phase change caused by absorption 
of the excitation beam by placing the sample 
under investigation in one arm of an interferome- 
ter. This technique was discovered by Stone [4] 
and by Davis and Petuchowski [5], who refer to it 
as phase fluctuation optical heterodyne (PFLOH) 
spectroscopy. Subsequently, many theories and 
applications of this technique have been investi- 
gated [3,6,7]. 

In this paper, we describe a novel photothermal 
phase-shift spectroscopy technique-retro-reflec- 
ted beam photothermal interference spectroscopy. 
Fig. 1 shows the proposed photothermal interfer- 
ence spectroscopy technique schematically. Our 
proposed configuration differs from all other ex- 
isting photothermal phase-shift or interferometric 
spectroscopy techniques in that we utilize the light 
of a focused probe laser beam reflected from the 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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front surface of a sample (or a cell containing the 
sample) as the reference beam, while the light 
passing through the sample and reflected from the 
rear surface of the sample (or the cell) is used as 
the signal beam. Due to the divergence of the 
focused probe laser beam, both reflected beams 
overlap in the far field and, as both originate from 
the same wave, they interfere, leading to a regu- 
larly spaced interference fringe pattern. The 
change in refractive index (RI) of the sample, 
resulting in a temperature rise within the sample 
caused by absorption of the energy of the excita- 
tion beam, induces phase shifts in the signal beam 
which, in turn, translate into lateral shifts of the 
interference fringes. Because the fringes are ap- 
proximately equally spaced, shifts are conve- 
niently detected with a position-sensitive detector. 
Upon calibration, the absorbance of the sample 
can be determined from the photothermal signal. 

2. Experimental 

The experimental photothermal interference 
spectroscopy configuration is illustrated in Fig. 2. 
A Nd:YAG frequency-doubled pulsed laser 
(Quantel, France) operated at a wavelength of 
532.1 nm is used as the excitation beam, illumi- 
nating the sample from the rear surface. The pulse 
duration is 8 ns and the repetition rate is 10 Hz. 

probe beam 

excitation beam 

Fig. 1. Schematic diagram of the proposed retro-reflected 
beam photothermal interference configuration. 

Fig. 2. Experimental arrangement of photothermal interfer- 
ence spectroscopy: YAG, Nd:YAG frequency-doubled pulsed 
laser; API, AP2, apertures; Ml, M2, mirrors; P, prism; BSl, 
BS2, beamsplitters; PD. photodiode; A, attenuator; EM, en- 
ergy meter; Ll, L2, spherical lenses; S, sample; Fl, F2, filters; 
HeeNe, HeeNe laser; SL, slit; L3, cylindrical lens; BD, bicell 
photodiode detector; DA, differentiating amplifier; SO, storage 
oscilloscope: BA, boxcar average; RE, recorder. 

The output energy per pulse is adjustable from 
zero to a maximum of about 300 mJ. A 2 mW 
He-Ne laser operated at a wavelength of 632.8 
nm is used as the probe beam. A bicell photodi- 
ode detector (Chongqing Institute of Photoelec- 
tronics, China) is used as a position-sensitive 
detector to measure the fringe shift in the interfer- 
ence field. The output of the detector is fed into 
the input end of a boxcar averager (EG&G Model 
1651162, USA) after differentiation and amplifica- 
tion by a differential amplifier. The signal is mon- 
itored by a storage oscilloscope (Tektronix Model 
446, USA) and the output of the boxcar averager 
is recorded by a recorder. 

After propagating through an aperture of 5 mm 
diameter, a prism and another aperature of 6 mm 
diameter for improving beam quality and elimi- 
nating the light at a wavelength of 1.06 pm, and 
a variable attenuator for energy adjustment, the 
excitation beam is focused by a spherical lens 
(focal length 140 mm) onto the sample from the 
rear surface. A fraction of the laser energy is 
sampled by means of a beamsplitter and moni- 
tored by an energy meter. Another small part of 
the excitation beam is split and received by a 
photodiode to trigger the boxcar averager and the 
storage oscilloscope. Care is taken to adjust the 
energy of the excitation beam illuminating the 
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sample to prevent the occurrence of non-linear 
effects [2]. The probe beam is focused with a lens 
of 46 mm focal length onto the sample from the 
front surface. To maximize the interaction length 
of the excitation and probe beams and therefore 
the photothermal signal magnitude, the collinear 
photothermal configuration is used. The two 
beams are not paralled, but intersect with a small 
angle of about 4”; therefore the contribution of 
the cell wall absorption to the photothermal sig- 
nal is eliminated. The relative position of the 
excitation and probe beams is adjusted by care- 
fully moving the focusing lens Ll mounted on a 
micrometer-driven translation stage. The probe 
beam (and also the excitation beam) are incident 
on the sample surface with an incident angle of 
15”; therefore the reflected probe beams do not 
pass through the focusing lens L2 again. A filter is 
used before the He-Ne laser to prevent the exci- 
tation beam from entering the resonator of the 
probe laser. 

The reflected probe beams from the two sur- 
faces of the sample interfere as they propagate 
away from the sample and an interference fringe 
pattern is formed at the far field. A slit with width 
approximately equal to the fringe spacing is used 
to select a suitable fringe for detection. The slit 
position is adjusted with a micrometer-driven 
translation stage to allow only one fringe to pass 
through the slit (in this case the two edges of the 
slit are located at the two minimum intensity 
points (destructive interference) of the selective 
fringe) and be detected by a bicell photodiode 
detector [8,9]. To gather more light at the detec- 
tor, the fringe is compressed along the vertical 
direction by a cylindrical lens (focal length 40 
mm). A 632.8 nm bandpass filter is placed at the 
front of the slit to eliminate the excitation laser 
light. The position-sensitive detector is mounted 
on a micrometer-driven two-dimensional transla- 
tion stage for accurate alignment. The position of 
the bicell detector is adjusted vertically and later- 
ally so that the center of gravity of the fringe is 
centered on the detector. A null complementary 
output current of the detector is produced, there- 
fore the common-mode amplitude noise (such as 
intensity fluctuation of the probe beam) is elimi- 
nated and the measurement sensitivity is maxi- 

mized. Because the present detection arrangement 
satisfies the optimum detection condition [8] (the 
detection point is located midway between con- 
structive and destructive interference) the maxi- 
mum linear measurement range is obtained. 

The standard Pyronine G dye, purchased from 
Fluka (Buchs, Switzerland) is used in this experi- 
ment. Pyronine G dye is dissolved in 40140 water/ 
ethanol solution to required concentrations. The 
ethanol is added to enhance the photothermal 
signal [lo]. Fig. 3 shows the absorbance spectrum 
of a 5.0 x lop6 mol I-’ 40/60 water/ethanol solu- 
tion of Pyronine G, measured with a UV-Vis 
spectrometer (Shimadzu UV-240, Japan). With a 
10 mm pathlength cell, the absorbance of the 
Pyronine G solution at 532.1 nm is 0.132; there- 
fore the molar absorbance of a 40/60 water/ 
ethanol solution of Pyronine G is 2.64 x lo4 cm-’ 
(mol I-‘)-‘. The sample cell used in the experi- 
ment is a commercially available fused-silica tube 
(1.0 mm id., 1.7 mm o.d) used without additional 
optical processing for smoothing the tube walls 
(the surfaces). The sample is introduced into the 
tube by flowing with a constant-flow pump. 

3. Results 

Fig. 4 shows the interference fringe pattern of a 
40/60 water/ethanol filled fused-silica tube, 
recorded using a photodiode and a pinhole of 0.2 

wavelength (nm) 

Fig. 3. Absorbance spectrum of 5.0 x 10e6 mol I-’ 40160 
water/ethanol solution of Pyronine G. 
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Fig. 4. Interference fringe pattern of fused-silica tube (1.0 mm i.d., 1.7 mm o.d.) recorded at a plane 143 cm away from the sample. 

mm diameter placed in front of the detector, at a 
plane 143 cm away from the fused silica tube. The 
recorded fringe pattern is a typical high-contrast 
interference pattern produced by the interference 
of two Gaussian laser beams having approxi- 
mately identical intensities. This simple, regularly- 
spaced, high-contrast interference fringe pattern is 
ideal for measuring the phase shift caused by the 
refraction index change of the measured sample 
[8]. In this experiment, the fringe located near the 
central area of the interference fringe pattern, 
which has the maximum intensity and measure- 
ment sensitivity, is chosen for detection. 

Fig. 5 shows the photothermal phase-shift sig- 
nal transients of 1.0 x 10 --8 mol 1-l Pyronine G 
40/60 water/ethanol solution, recorded with differ- 
ent signal processing time constants of the boxcar 
averager. Taking the optical pathlength of the 
sample into account, the absorbance of the sam- 
ple solution at this concentration is 2.64 x lo-‘. 
The curve in Fig. 5 (top) represents the photother- 
ma1 phase-shift signal transient recorded when the 
time constant is set to be 1 s. The noise level of 
the photothermal signal transient is relatively 
high. To reduce the noise level, a longer signal 
processing time constant is chosen when recording 
the signal transient. Lengthening the time con- 

stant increases the measurement data points and 
the signal-to-noise ratio is therefore improved. 
Fig. 5 (bottom) is the result obtained with a 10 s 

time (ms) 

0 2 4 6 8 10 

time (ms) 

Fig. 5. Photothermal signal transients of 1.0 x lo-* mol I-’ 
Pyronine G 40160 water/ethanol solution. The energy of the 
laser pulse is about 0.1 mJ. The signal processing time con- 
stant of the boxcar averager is (top) 1 s, (bottom) 10 s. 
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Fig. 6. Photothermal signal magnitude vs. concentration of 
Pyronine G solution. The energy of the laser pulse is about 0.1 
mJ (0, experimental data). 

time constant. Although the signal transient is 
distorted due to the long signal processing time 
constant, the noise level is considerably reduced 
and therefore the measurement sensitivity is im- 
proved. Increasing the signal processing time con- 
stant of the boxcar avera er 

s” 
by a factor of N 

produces a factor of N improvement in the 
signal-to-noise ratio, resulting in a fi improve- 
ment in measurement sensitivity. Because the 
blank absorbance caused by the water and 
ethanol is in the range 1 x 10-‘-l x 10e8 in this 
experiment [lo], much lower than the absorbance 
detection limit determined by the photothetmal 
signal measurement noise, the effect of the blank 
absorption is neglected when calculating the de- 
tection limit of absorbance. By using the IUPAC 
definition, the limit of detection (LOD) is deter- 
mined to be 5.7 x lop6 absorbance from Fig. 5 
(top). With a factor of ,J’% improvement in Fig. 
5 (bottom), the absorbance detection limit is 
1.8 x 10e6. A lower LOD can be obtained by 
setting a longer signal processing time constant of 
the boxcar averager, until the LOD determined by 
the blank absorbance is achieved. 

Fig. 6 shows the photothermal signal magni- 
tude as a function of sample concentration. For 
each measurement, the positions of the slit and 
bicell detector are carefully readjusted to main- 
tain the optimum detection condition, so as to 
ensure identica1 detection response and sensitivity 

at each measurement. At low sample concentra- 
tion, the linear dependence of the phothermal 
signal on concentration is quite good. As the 
sample concentration increases, the phototermal 
results exhibit a marked non-linear response, 
which does not agree with the theoretical predic- 
tion of the conventional photothermal experi- 
ment. There are several reasons for the 
unexpected non-linear response. The most likely 
of these is the poor mechanical stability of the 
experimental system and environmental vibra- 
tions, which degenerate the performance of the 
photothermal system during the experimental pro- 
cedure, especially when the measurements at 
different concentrations are made at widely sepa- 
rated times, resulting in a continuous decrease in 
the measurement sensitivity. Repeated experi- 
ments demonstrate the decline of the system per- 
formance with time. The photophysical and 
photochemical properties of the sample, such as 
photodecomposition, may be an important factor 
in the non-linearity. The photodecomposition 
phenomenon becomes very apparent when the 
sample concentration is increased to about 1.0 x 
lo-’ mol l- ’ and can be easily observed from the 
oscilloscope display by flowing the sample solu- 
tion. The photothermal signal amplitude of the 
flowing sample is much higher than that of the 
static sample. 

4. Discussion 

Although the absorbance LOD obtained with 
the retro-reflected beam photothermal interference 
configuration is comparable with the values re- 
cently reported by Waldron and Dovichi 
1111 using the crossed-beam thermo-optical 
configuration and by Krattiger and co-workers 
[ 12,131 using a hologram-based thermo-optical 
configuration, accounting for the 1.0 mm i.d. of 
the fused-silica tube and the collinear photother- 
ma1 configuration used in our experiment, the 
resulting probing volume is much larger than that 
using 50 pm and 20 pm i.d. capillaries and a 
crossed-beam configuration. It seems that our re- 
sults are only moderately successful. However it 
should be pointed out that the experimental ap- 



632 B. Li et al. 1 Talanta 43 (1996) 627-633 

paratus reported on here is far from optimal. As 
the interference technique is extremely sensitive to 
environmental vibrations, the poor mechanical 
stability and poor vibration-isolation ability of the 
experimental system are the main factors limiting 
the measurement sensitivity in our experiment. 
The use of a short-duration pulse laser (the pulse 
duration is 8 ns in our experiment) as the excita- 
tion beam also severely limits further improvement 
in sensitivity of the photothermal measurement. 
Due to the high power of the pulse laser, the 
maximum pulse energy used in the experiment is 
relatively low (60.1 mJ), to avoid damage of the 
sample cell wall and occurrence of non-linear 
effects, and the waist radius of the excitation beam 
used is much larger than that used in photother- 
ma1 experiments employing the continuous wave 
excitation laser. As the photothermal signal mag- 
nitude increases linearly with excitation beam en- 
ergy or power, and decreases rapidly with the 
increase of the excitation beam radius, increasing 
the excitation beam energy or power and decreas- 
ing the excitation beam radius will effectively 
improve the sensitivity of the photothermal mea- 
surement. In this respect, use of a continuous wave 
laser of moderate power as the excitation beam in 
a photothermal experiment is more profitable in 
improving the measurement sensitivity and reduc- 
ing the probing volume than the use of a pulse 
laser. Another source of noise which limits the 
sensitivity improvement is the electromagnetic ra- 
diation interference in the detector electronics, 
caused by the discharge of the pump lamp of the 
pulsed Nd:YAG laser. It is reasonable to believe 
that the sensitivity of the photothermal measure- 
ment reported here would be very much improved 
if all the limitation factors were eliminated and the 
experimental system optimized. 

The most promising application of the pro- 
posed retro-reflected beam interference configura- 
tion should be as a universal RI detector in 
HPLC and capillary electrophoresis (CE) separa- 
tion. This RI detector could also be readily used 
to perform sensitive absorption detection using a 
photothermal method with CE detection. Com- 
pared to the RI detection method based on trans- 
mitted beam interference developed by Bornhop 
and Dovichi [14], the retro-reflected beam inter- 

ference method has the advantages that the inter- 
ference fringe pattern is simple, well-spaced an of 
high contrast, while the optical arrangement is 
relatively simple. This high-contrast fringe pattern 
allowed us to conveniently select the fringe having 
the optium sensitivity for detection. Krattiger co- 
workers introduced the use of an index-matching 
fluid (RIMF) [8,15] and a holographic optical 
element (HOE) [ 161 to simplify the fringe pattern 
in order to improve the detection and improve the 
measurment sensitivity. In so doing the detection 
system was complicated. In the retro-reflected 
beam configuration, the sampling arm of the 
probe beam crosses the capillary through its cen- 
ter where the optical path is longer than that in 
the transmitted beam configuration, and if the 
probe beam is perpendicularly incident on the 
capillary wall (in this case a well-spaced, high- 
contrast circular fringe pattern is formed at the 
far field), the retro-reflected probe beam from the 
rear surface crosses the capillary twice in the same 
path, the optical path is doubled, and therefore 
the measurement sensitivity is further improved. 
The retro-reflected beam interference configura- 
tion has been successfully used as the on-column 
detector for CE separation of amino acids [17] 
with a 50 pm i.d. fused-silica capillary. The results 
are very encouraging. Employing both the trans- 
mitted and retro-reflected beam configurations in 
photothermal experiments, as the optical path in 
the retro-reflected beam configuration is longer 
than that in the transmitted beam configuration, 
we can safely predict that if all other experimental 
conditions are identical in the two photothermal 
experiments, the retro-reflected beam photother- 
ma1 interference configuration has potentially 
higher measurement sensitivity than the transmit- 
ted beam photothermal interference configura- 
tion. As the capillaries usually employed in CE 
separations have enough good surfaces to form 
high-quality interference fringe patterns after the 
protective polymide coatings of the capillaries are 
removed, this retro-reflected beam interference 
method and its photothermal configurations are 
likely to find wide applications in CE detection. 
Further investigation on the performance opti- 
mization of the retro-reflected beam interference 
experimental system to improve the measurement 
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sensitivity and applications to CE detection are 
being undertaken in our laboratory. 

5. Conclusions 

We have demonstrated that a novel photother- 
mal phase-shift spectroscopy configuration should 
be a sensitive detection technique for extremely 
weak absorption measurement. In common with 
other photothermal techniques, this photothermal 
technique based on retro-reflected beam interfer- 
ence is also useful for determination of optical 
and thermal properties of transparent materials. 
This sensitive detection technique is especially 
suitable for measurement on small volume sam- 
ples. It may find extensive applications in trace 
analyses and HPLC and CE detections and 
thermo-optical characterization of optical materi- 
als. This configuration can be used for samples or 
sample cells having two approximately parallel, 
smooth surfaces of appropriate thickness, or a 
capillary with appropriate diameter. 
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Abstract 

In a 0.050 M HCI solution containing 0.12 M KCl, enoxacin yields a sensitive polarographic wave at - 1.05 V, 
which can be used to determine trace amounts of the drug, the linear range being from 1.6 x lOWE to 1.6 x 10m5 M 
with a detection limit of 6.25 x 10W9 M. The electrochemical characteristics of the drug were studied by normal 
polarography, cyclic voltammetry and potentiostatic coulometry. A single-sweep polarographic procedure for the 
determination of enoxacin has been worked out and applied to urine and serum samples. 

Keywords: Enoxacin; Electroanalysis; Polarography 

1. Introduction 

Polarography and voltammetry are widely ap- 
plied to the determination of drugs. Several reviews 
have appeared covering the voltammetric determi- 
nation of drugs [l-4]. In the first polarographic 
study of quinolone derivatives, the reduction and 
polarographic behaviour of nalidixic acid was in- 
vestigated by d.c. polarography [5]. Van Oort et al. 
[6] used differential pulse polarography to deter- 
mine nalidixic acid. Hoffman and Dybowski [7] 
reported a d.c. polarographic assay of pipemidic 
acid. Stripping voltammetric procedures were rec- 
ommended for determination of ciprofloxacin [8], 
rufloxacin [9], ofloxacin [lo, 1 l] and norfloxacin 

* Corresponding author. 

[12] drugs in tablets, urine and serum samples. 
Recently, we used a surfactant as a sensitizer to 
achieve higher sensitivity and better selectivity in a 
polarographic assay of ofloxacin [ 131. 

Enoxacin (1 -ethyl-6-fluoro-1,4-dihydro-4-0x0-7- 
(1 - piperazinyl) - 1,8 - naphthyridine - 3 - carboxylic 
acid) is a new quinolone carboxylic acid derivative 
which shows a broad antimicrobial spectrum. Its 
primary effect is the inhibition of bacterial DNA- 
gyrase (topoisomerase II). After oral administra- 
tion, the drug is rapidly absorbed and widely 
distributed to the body tissues and fluids. Various 
techniques, including HPLC, reversed-phase 
HPLC, ion chromatography, spectrophotometry 
and spectrofluorimetry, have been proposed for the 
determination of enoxacin. Squella et al. [14] used 
differential pulse polarography for the determina- 
tion of enoxacin in tablet samples. However, other 

0039-9140/96~$15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)0 1792-5 
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electroanalytical techniques for the determination 
of enoxacin have not been reported yet. The aim 
of this work was to develop a method for the deter- 
mination of enoxacin by single-sweep oscillopolar- 
ography. The proposed method has been used for 
the determination of trace amounts of enoxacin in 
urine samples, no sample pretreatment being nec- 
essary. The detection limit is 6.25 x lop9 M. 

’ an’ 
Qd N 

d2Hs 
enoxacin 

2. Experimental 

2.1. Apparatus 

The single-sweep polarograms were recorded on 
a JP- 1 A oscillopolarograph (Chengdu Instrumen- 
tal Factory). The polarographic cell has the three- 
electrode system: a dropping mercury electrode 
(DME) as working electrode, a saturated calomel 
electrode (SCE) reference electrode and a platinum 
wire auxiliary electrode. A drop time of 7 s was 
selected using a knocker, with a rest time of 5 s and 
a scan time of 2 s, the scan rate being 250 mV s- ‘. 
An XJP-821 neopolarograph (Jiangsu Electroana- 
lytical Instrumental Factory) in connection with an 
LZ3-100 X-Y recorder (Dahua Instrumental Fac- 
tory) and a JM-01 (manual micrometric screw 
delivery) hanging mercury drop electrode (HMDE) 
were used for cyclic voltammetry measurements. A 
static mercury drop electrode (SMDE), J-shaped 
capillary, was used for medium-exchange measure- 
ments. A PAR Model 273 potentiostat/galvanostat 
with a PAR Model 303 SMDE, controlled by PAR 
Model 270 software, was used for normal pulse 
polarography and other electrochemical measure- 
ments. For pulse polarography the instrumental 
parameters were as follows: accumulation time, 
120 s; accumulation potential, -0.70 V; drop size, 
medium; pulse amplitude, 50 mV; pulse period, 2 

s; equilibrium time, 15 s. Potentiostatic coulometry 
was carried out on an apparatus consisting of an 
Ml 79 coulometer, an M273 potentiostat and an 
electrolytic cell with a mercury pool as cathode, a 
platinum electrode anode and an SCE reference 
electrode. 

2.2. Reagents 

2.2. I. Standard enoxacin solution 
A stock solution (1 .O x 1 Op3 M) of enoxacin was 

prepared by dissolving 0.080 g of enoxacin (99.8%, 
from Hunan Institute for the Control of Pharma- 
ceutical Products) in 25 ml of 0.10 M HCl solution, 
followed by dilution to 250 ml. 

2.2.2. HCL solution, 0.50 M 
42 ml of concentrated HCL was dissolved in 

1000 ml of water, and titrated with Na,CO, to 
prepare the standard solution. 

2.2.3. BufSer solution 
The test solutions under study were buffered 

using universal buffer for the pH range 2- 11, 
containing 0.1 M citric acid, 0.1 M sodium phos- 
phate and 0.1 M boric acid. The pH was adjusted 
with NaOH or HCl. 

Other reagents were of suprapure or analytical- 
reagent grade. Water, redistilled in a fused-silica 
apparatus, was used throughout. 

2.3. Procedures 

2.3.1. Polarography of pure enoxacin solution 
1.0 ml of 0.50 M HCl solution was mixed with 

1.20 ml of 1.0 M KC1 solution and various 
amounts of standard enoxacin solution. The mix- 
ture was diluted to 10 ml with water. The solution 
was transferred to the polarographic cell, and 
purged with oxygen-free nitrogen for 10 min. A 
flow of nitrogen was maintained over the cell 
throughout the analysis to prevent interference 
from oxygen. The derivative polarograms were 
recorded, starting the potential scan at -0.70 V. 
The peak potential is - 1.05 V. 

2.3.2. Serum and urine sampling 
After 12 h of overnight fasting, rabbits received 

an oral dose of enoxacin (8.0 mg Kgg’). After 2 h 
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the rabbits were killed and blood samples were 
taken. The samples were then centrifuged three 
times, and the blood serum was collected and kept 
at - 10°C. 

After the rabbits received the dose as described 
above, spontaneously voided urine was collected 
for 24 h. All samples were kept frozen at - 10°C. 

2.3.3. Analysis of urine samples 
Urine was diluted 10 times with water. 0.50 ml 

of the solution was transferred to a 10 ml stan- 
dard flask, and the procedure continued as de- 
scribed in the section on polarography of pure 
enoxacin solution above. 

2.3.4. Analysis of serum samples 
The enoxacin in serum samples was extracted 

by chloroform [15]. To 1 .O ml of serum were 
added 9.0 ml of chloroform and 2.0 ml of pH 7.50 
phosphate buffer solution, and the solution was 
mixed thoroughly on a vortex mixer. The mixture 
was allowed to stand for 15 min and centrifuged 
at 4000g for 10 min. The aqueous phase was 
removed and the chloroform phase was filtered. 
The filtrate was evaporated to dryness at 50°C. 
The residue was dissolved with 1.00 ml of 0.50 M 
HCl solution. 1.20 ml of 1 .OO M KC1 solution was 
added to the solution and the procedure was 
continued as described in the section on polarog- 
raphy of pure enoxacin solution. 

2.3.5. Recovery experiment 
The amounts of enoxacin shown in Table 2 

were added to a 50 ml beaker containing the No. 
4 serum sample or the No. 4 urine sample and 
they were then treated as described above. 

3. Results and discussion 

3.1. Single-sweep polarography 

In a pH 2- 11 buffer solution, enoxacin yields a 
sensitive oscillopolarographic wave, the peak po- 
tential shifting in the negative direction with in- 
creasing pH value of the test solution. In a 0.050 
M HCl solution containing 0.12 M KC1 the peak 
potential of the drug is - 1.05 V (Fig. l(b)). In the 

range 1.60 x lo-*- 1.60 x 10e5 M, the peak cur- 
rents are linearly proportional to the concentration 
of the drug. The detection limit is 6.25 x lo-’ M, 
which was taken as the concentration that gave a 
signal equal to three times the standard deviation 
of the blank signal, calculated from the calibration 
slope. The reproducibility was evaluated by 15 
repetitive experiments on a 5.0 x lop7 M enoxacin 
solution. The relative standard deviation was 1.1%. 

3.2. Eflect of HCl concentraion 

In a pH 2- 11 buffer solution, the peak current 
of enoxacin increases with decreasing pH value of 
the test solutions. In a dilute acidic solution such 
as H,S04, H3P0,, HNO, or HCl, enoxacin gives 
a good polarographic wave, and the best results 
were obtained in a HCl solution, so we used it as 
a background solution. The effect of HCl concen- 
tration on the peak current is shown in Fig. 2a. 
The optimal HCl concentration was from 0.040 
to 0.060 M. Accordingly, a HCl concentration 
of 0.050 M was used throughout for maximum 
sensitivity. 

3.3. Effect of KCI concentration 

Support electroytes such as KCl, NaCl, KNO, 
and NaNO, were examined in 5.0 x 1O-7 M 

lb 
la 

-1.0 -1.2 
potfmtial,V 

Fig. 1. Derivative single-sweep polarograms of enoxacin: (a) 
0.050 M HCI, 0.12 M KCI; (b) 0.050 M HCI, 0.12 M KCI, 
1.60 x 1O-6 M enoxacin. 
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Fig. 2. Effects on solutions of 1.0 x 1O-6 M enoxacin: (a) 
effect of HCI concentration: 0.030 M KCI; (b) effect of KCI 
concentration: 0.050 M HCI. 

enoxacin solution. The best results were obtained 
with KC1 support electrolyte. The effect of its 
concentration on the peak current is shown in 
Fig. 2b. The peak current increases rapidly with 
increasing KC1 concentration from 0.050 to 0.10 
M and decreases greatly when the concentration 
of KC1 exceeds 0.15 M. A concentration of 0.12 
M for KC1 was chosen for subsequent studies. 

3.4. Adsorptive characteristic of enoxacin 

The adsorption of enoxacin at the DME was 
demonstrated by constructing electrocapillary 
curves and by carring out medium-exchange 
experiments. 

The electrocapillary curve of a solution contain- 
ing enoxacin (Fig. 3(b,c) is lower than that of the 
background (Fig. 3(a)), indicating that enoxacin is 
adsorbed at the DME. 

For medium-exchange studies, the SMDE with 
J-shaped capillary, used as a working electrode, 
was kept in contact with a solution containing 
enoxacin for 180 s with stirring. Following this, 
the electrode was cleaned in water for 15 s while 
stirring and transferred to another cell containing 
the background solution only. In the voltam- 
mogram obtained with the new cell there is a 
voltammetric peak at - 1.05 V, and the peak 

current is close to that obtained with the original 
cell. 

The normal pulse polarogram of enoxacin 
(3.0 x lop6 M) has a maximum, indicating that 
the adsorption process of enoxacin on the mer- 
cury electrode is reactant adsorption [16]. 

3.5. Dependence of peak current (i,) on the 
potential scan rate (v) 

Assume that iP = Av”; when the electrode pro- 
cess is diffusion-controlled, x should take a value 
of 0.5 [17], and for an adsorption-controlled pro- 
cess it should take a value of 1.0 [18]. As diffusing 
and adsorbed species were reduced simulta- 
neously, the peak current had contributions from 
both diffusion and adsorption currents [19], so the 
value of x varied between 0.5 and 1.0. The depen- 
dence of peak current of enoxacin on the potential 
scan rate is affected by the concentration of the 
drug. The cycle voltammograms were recorded at 
constant rest times before the appearance of the 
peak and with different scan rates to estimate the 
value of x in the enoxacin concentration range 
from 1.0 x 10-‘“-l.O x lo-’ M. The peak cur- 

5OL 
0 -0.4 -0.8’ -1.2 -1.6 

Wentia1.V 

Fig. 3. Electrocapillary curves of enoxacin: (a) 0.050 M HCI, 
0.12 M KCI; (b) 0.050 M HCI, 0.12 M KCI, 5.0 x IO-’ M 
enoxacin; (c) 0.050 M HCI, 0.12 M KCI, 1.0 x IO-’ M 
enoxacin. 
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Table I 
Relationship between the value of x and the concentration of 
enoxacin” 

Concentration of enoxacin ( x IO’ M) x 

0.0010 0.97 
0.0080 0.92 
0.010 0.83 
0.050 0.72 
0.10 0.60 
0.50 0.58 

1.0 0.55 
5.0 0.54 

10.0 0.54 
50.0 0.50 

100 0.48 

a 0.050 M HCI; mercury drop area of 0.0117 cmZ; rest time of 
180 s; potential scan rate from 20 to 800 mV s-r. 

rent was measured and the regression of logi, vs. 
logv gave the value of x listed in Table 1. Table 1 
shows that the electrode process of enoxacin was 
essentially diffusion-controlled at a concentration 
of enoxacin greater than 5.0 x 10e6 M (diffusion 
region), whereas at the enoxacin concentrations 
below 8.0 x lo-” M the electrode reaction was 
essentially adsorption-controlled (adsorption re- 
gion) [20]. In the intermediate concentration range 
1.0 x 10P9-1.0 x 1O-6 M the peak current in- 
cludes both diffusion and adsorption components. 
These results were also supported by the ac. 
impedance spectra of corresponding solutions. 

3.6. Cyclic voltammetry 

Fig. 4 shows the cyclic voltammograms for the 
enoxacin-KC1 system. The drug gives a cathodic 
peak at about - 1.05 V due to its reduction, and 
no peak was observed on the anodic branch, 
indicating the the reduction of enoxacin is irre- 
versible. The width at the mid-peak of the drug 
was determined (curve a) and found to be 35 mV. 
The cm, value was calculated and found to be 1.78 
[21]. In Fig. 4 subsequent repetitive scans yielded 
significantly smaller (but stable) cathodic peaks 
corresponding to the reduction of dissolved spe- 
cies. This behaviour indicates that the adsorption 
of the drug on the mercury electrode is reactant 
adsorption [22], which agrees with normal pulse 
polarographic data. 

3.7. Potentiostatic coulometry 

Under optimum conditions the solution con- 
taining enoxacin was electrolyzed at - 1.15 V 
until the electrolytic current was close to zero, and 
the expended charge Qi was measured. Similarly, 
the background solution was electrolyzed under 
the same conditions and charge Q2 was obtained. 
The charge difference AQ (Q, - QJ is the charge 
expended by enoxacin: 

AQ = nFCV (1) 

where C and V are the concentration and volume 
of the enoxacin solution respectively, and n and F 
have their usual meanings. From Eq. (1) the 
electron number of the electrochemical reaction 
can be found. For enoxacin n = 1.96 f 0.05. 

The pH value strongly affects the position of 
the potential peak of the drug. The obtained 
dependence of EP on the pH values of the test 
solution is the same as that described in the 
literature [14]. Over the HCl concentration range 
0.50 to 0.010 M (pH 0.3-2.0) the coefficient of 
the regression equation of peak potential E, vs. 
pH was 0.059, indicating that the molecules of the 
drug combined with one H+ as soon as the drug 
obtained one electron. In acidic solution the drug 
is protonated. The possible electrode process 
could be assumed to be as follows: 

l-O.8 I-l.0 (-1.2 
/Potential ,V 

Fig. 4. Cyclic voltammograms of enoxacin. 0.050 M HCI, 0.12 
M KCI, 1.6 x 1O-6 M enoxacin, scan rate 200 mV s-‘, 
accumulation time 120 s. (a) First scan; (b) second scan; (c) 
background solution. 



640 Z-Q. Zhang et al. / Talanta 43 (1996) 635-641 

From the quantum-chemical point of view, the 
enoxacin was reduced, and the two electrons cap- 
tured from the electrode belonged to the whole of 
the conjugated system and could move freely 
along the conjugated system [23] to form product 
(II). 

3.8. Application 3.8.1. Analysis of urine samples 

The main metabolite of the drug is 4-0~0 
enoxacin [24]. Its content in plasma is less than 

Table 2 
Determination of enoxacin in urine and serum samples 

Sample 

Urine 
No. 1 
No. 2 
No. 3 
No. 4 
No. 4 
No. 4 
No. 4 
No. 4 

added 
olg ml-‘) 

0 129.2 
0 101.4 
0 162.4 
0 148.0 

60.0 211.0 
120.0 263.0 
180.0 322.3 
240.0 391.2 

Serum 
No.1 0 
No. 2 0 
No. 3 0 
No. 4 0 
No. 4 1.50 
No. 4 3.00 
No. 4 4.50 
No. 4 5.50 

Enoxacin 
found” 
(a ml-‘) 

1.57 
2.58 
4.26 
2.53 
4.06 
5.42 
7.23 
7.92 

Recovery Contentb 
W) Cug ml-‘) 

- 130.0 
100.1 

- 159.5 
- 155.6 
105 - 
95.8 - 
96.8 - 

101 - 

- 1.63 
2.55 

- 4.31 
- 2.45 
102 - 
96.4 - 

104 - 
97.9 - 

a Mean of three parallel determinations. The results of the determination of enoxacin in 
b Determination by HPLC. serum samples are also summarized in Table 2. 

m 

15% of that of enoxacin so its interference was 
ignored. 

We examined the interference of vitamins such 
as vitamin C, vitamin B2 and vitamin B,,, which 
did not affect the determination of the drug. 

Using the single-sweep polarographic procedure 
proposed in this paper to determine enoxacin in 
urine samples, no sample pretreatment was re- 
quired, other than a dilution with the supporting 
electrolyte. 

The standard enoxacin solutions used for the 
preparation of the calibration line were treated as 
described in the section on polarography of pure 
enoxacin. The regression equation of the calibra- 
tion line has the form: 

Y = 0.263X + 0.036 (2) 

where Y is the peak current in PA and X is the 
enoxacin concentration in pg ml-‘. The correla- 
tion coefficient was 0.998. The results of the deter- 
mination of enoxacin in the urine samples are 
summarized in Table 2. 

3.8.2. Analysis of serum samples 
The enoxacin in serum samples was extracted 

by chloroform because the proteins interfere in 
the determination of the drug in serum. The stan- 
dard enoxacin solutions used for the preparation 
of the calibration line was treated as described in 
the section on analysis of serum samples. The 
slope of the calibration line is 0.110 PA ml pg-‘, 
and the intercept is 0.007 ,uA. 
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Abstract 

pH-ISFETs were used in the study of acid-base equilibria in y-butyrolactone (GBL). After the spectrophotometric 
determination of the pK, value of 3,5-dichloropicric acid, the pK, values and homo-conjugation constants of various 
acids (including the conjugate acids of bases) were determined potentiometrically using a Ta,O,-type pH-ISFET. The 
values of pK, in GBL were in a linear relation with those in propylene carbonate (PC) and 1.0 units smaller on 
average. The difference in pK, between GBL and PC was mainly attributable to the difference in proton solvation. 
The autoprotolysis constant of GBL, roughly estimated by a rapid titration with a S&N,-ISFET, was about 30 on the 
pKs, scale. A comparative study was made of the response speeds of the Ta,O,- and Si,N,-type pH-ISFETs and a 
conventional pH-glass electrode. The result was S&N,-ISFET > Ta,O,-ISFET > glass electrode. Because GBL is not 
stable against acids and bases, the use of pH-ISFETs was much more convenient than the use of the conventional 
glass electrode. 

Keywords: Acid-base equilibria; y-Butyrolactone; pH-ISFETs 

1. Introduction 

y-Butyrolactone (GBL) is a dipolar aprotic sol- 
vent with a dielectric constant of 39, a donor 
number of 18 [l] and an acceptor number of 17.3 
[2]. Because GBL is often used as a solvent for 
lithium batteries, aluminum electrolytic capacitors 
and electrical double-layer capacitors, the behav- 
ior of electrolyte solutions in GBL has been stud- 
ied to a considerable extent [3]. Coetzee et al. [4] 
reported on the potentiometric characterization of 

* Corresponding author. Fax: + 81 263 35 1085. 

GBL using ion-selective electrodes. Though the 
acid-base behaviour in GBL is also important, 
detailed study of it does not seem to have ap- 
peared. In the present paper, we studied the acid- 
base equilibria in GBL. In the study, we used 
pH-ISFETs, which we recently found useful as 
pH-sensors in nonaqueous solutions [5]. The pH- 
ISFETs responded faster than a conventional 
glass electrode and their use in GBL was espe- 
cially convenient because GBL tended to hy- 
drolyze in the presence of acids and bases. The 
acid dissociation constants in GBL were com- 
pared with those in propylene carbonate (PC) 
[6,71. 

0039-9140/96/%15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01799-2 
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Table 1 
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Spectrophotometric pK, determination of HPicCl, in GBL 

GA b-M Absorbance (430 nm) [PicCl;] (mM) [HPicCl,] (mM) 7 PK, 

0.100 0.049 0.0114 0.0886 
0.200 0.073 0.0169 0.183 
0.400 0.101 0.0234 0.377 
0.500 0.117 0.0271 0.473 
1.00 0.153 0.0355 0.965 

10.0 0.477 0.1107 9.89 

0.989 5.85 
0.986 5.82 
0.984 5.85 
0.983 5.82 
0.980 5.90 
0.966 5.94 
Average 5.86 + 0.05 

2. Experimental 

2. f. Apparatus 

Ta,O,- and S&N,-type pH-ISFETs, both ob- 
tained from Shindengen Industry Co. Ltd., were 
used. Because the contact between the ISFET tip 
and the leadwire was often attacked by the sol- 
vent, that part was protected by fixing with 
polyethylene. The reference electrode was Ag15 
mM AgClO, + 5 mM Et~NClO,)\lO mM 
Et,NClO,I] and the gate voltage was measured 
with Shindengen ISFET mV/pH meter to 0.1 mV. 
The response of the ISFETs in GBL was com- 
pared with that of a conventional glass electrode 
(Horiba 1826A-06T9). The potential of the glass 
electrode was measured with a conventional pH/ 
mV meter. The potential-time relations and titra- 
tion curves were recorded with a Yokogawa 
two-pen recorder LR4110-3711 and a Metrohm 
665 Dosimat autoburet. The titration data could 
be stored in a memory card inserted in the slot of 
the recorder and could be processed with a per- 
sonal computer. A Shimadzu UV-visible record- 
ing spectrophotometer UV-260 was used in 
spectrophotometric measurements. All measure- 
ments were made at 25 + 1°C. 

2.2. Reagents 

y-Butyrolactone was a pure product (F-GBL, 
water content < 50 ppm) and was a gift of Mit- 
subishi Petrochemical Co. Ltd. It was used after 
further purification by adding p-toluenesulfonic 

acid to neutralize trace basic impurities and dis- 
tilling under reduced pressure. The solution x 0.1 
M Bu,NOH in MeOH-toluene (1:lO v/v) was 
prepared by the method of Selig [8] and used for 
titrating acids. Trifluoromethanesulfonic acid 
used for titrating bases was the reagent-grade 
Wako product. 3,5-Dichloropicric acid (HPicCl,) 
and its tetraethylammonium salt were prepared by 
the method of Ref. [7]. Other acids and bases and 
their salts were also obtained as described in Ref. 
171. 

3. Results and discussion 

3.1. Spectrophotometric determination of the pK, 
value of 3,5Dichloropicric acid 

The absorption spectra of Et,NPicCl, and 
undissociated HPicCl, were recorded and the mo- 
lar absorption coefficient of the PicClTion at 430 
nm was determined to be 4.31 x 103. The undisso- 
ciated HPicCl, was obtained by adding trifl- 
uoromethanesulfonic acid to the HPicCl, 
solution. Then, measuring the absorbance of 
HPicCl, solutions between lop4 M and lop2 M 
at 430 nm, the dissociation constant K, of 
HPicCl, was determined by the relation K, = 
y2[H +][PicCl;]/[HPicCl,], where [H+]= 
[PicClJ, and the ionic activity coefficient ‘/ was 
obtained from the Debye-Htickel equation. As 
shown in Table 1, the pK, value of HPicCl, was 
5.86 + 0.05 and there was no indication of a 
homo-conjugation reaction. 
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3.2. Potentiometric determination of pK, values 
and homo-conjugation constants 

The Nernstian response (59.2 f 1 .O mV pa 6 ‘) 
of the Ta,O,-type pH-ISFET was confirmed by 
titrating 20 ml of 5 mM HPicCl, in GBL with 0.1 
M Bu,NOH solution in MeOH-toluene (1:lO v/ 
v). The ISFET showed an equilibrium potential 1 
min after each addition of titrant. The effect of 
the MeOH-toluene on the proton activity (aH) 
was neglected and the pH of the solution during 
titration was obtained by 

a&y’C, - a,yK,[(C, + C’,) + Kf(HA;)(C, - C,)‘] 

+K.$,=O (1) 

where C, and C, are the concentrations of the 
acid and its salt and, for HPicCl,, the homo-con- 
jugation constant K’(HA,) was equal to zero. 

Using the Ta,O,-type pH-ISFET calibrated in 
the solution 1: 1 mixture of HPicCl, and 
Et,NPicCl,, the solution of 5 mM picric acid 
(HPic) in GBL was titrated with the Bu,NOH 
solution. The pK, value of HPic was determined 
from the half-neutralization potential to be 8.35. 
Then the experimental results for the relation 
between (pH - pK, - log y) and (% titrated) were 
plotted and compared with the theoretical curves 
of the same relation for various Kf(HA;) values. 
Personal computer software Katto-Pro from the 
Ever Green Co. Ltd., Japan, was used in the data 
processing. With HPic, the best fit was obtained 
when no homo-conjugation reaction was as- 
sumed. 

For other acids of the HA-type, the relations of 
(pH - pK, - log y) vs. (% titrated) were obtained 
by titrating the acids with the Bu,NOH solution. 
For the acids of BH+ -type, the bases B were 
titrated with the trifluoromethanesulfonic acid so- 
lution in GBL. The pH-ISFET was calibrated 
before and after each titration with a buffer solu- 
tion of 3 mM HPic-3 mM Et,NPic. The pK, 
values of the acids were obtained from the half- 
neutralization potentials while the homo-conjuga- 
tion constants were obtained by fitting the 
theoretical titration curves to the experimental 
results. Eq. (1) was used for obtaining theoretical 

X 
a -1 

0 50 

% titrated 

100 

Fig. 1. Relations of (pH - pK, - log y) vs. (% titrated) for the 
titration of 20 ml of 5 mM oxalic acid in GBL with 0.1 M 
Bu,NOH in MeOH-toluene. Circles are experimental results 
and solid and dotted lines are theoretical relations for 
K’(HA, ) = 400 and 0 respectively. 

pH values during titration. 
Some of the theoretical and experimental titra- 

tion curves are shown in Figs. 1 and 2. The values 
of pK, and Kf(HA;) are summarized in Table 2. 
For BH+-type acids no appreciable homo-conju- 
gation reaction occurred. 

2- 

-31 ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 50 100 

% titrated 

Fig. 2. Relations of (pH - pK, - log y) vs. (“! titrated) for the 
titration of 20 ml of 5 mM 3,Sdinitrobenzoic acid in GBL 
with 0.1 M Bu,NOH in MeOH-toluene. Circles are experi- 
mental results and solid and dotted lines are theoretical rela- 
tions for K’(HA,) = 3000 and 0 respectively. 
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Table 2 
pK, values and homo-conjugation constants of acids and 
conjugate acids of bases in GBL 

Acids” PK: K’(HA;)‘. = log y,(H + ,R + S) + log y,(A - ,R + S) 

3,5-Dichloropicric acid (I) 
Picnic acid (3) 
p-Toluenesulfonic acid 
Salicylic acid (7) 
Oxalic acid 
Phthalic acid 
Methanesulfonic acid (2) 
Trifluoroacetic acid 
3,5-Dinitrobenzoic acid 
2,4-Dinitrophenol (6) 
Anilinium (4) 
1,3-Diphenylguanidinium (8) 
Triethylammonium (10) 
Tributylammonium (9) 
Pyridinium (5) 

5.8, a0 
8.3, ZO 
7.1, 1.9x lo2 
14.5, 5.7 x lo2 
12.4, 4.7 x to2 
12.4, -0 
8.05 1.7 x 10’ 
10.8, 5.0 x 10’ 
15.0, 3.5 x 107 
13.6, -0 
9.1, -0 
15.5, -0 
16.6” ZO 
16.5, 00 
10.7, Z.0 

a For the numbers in parentheses, see Fig. 3. 
b Average of 2-5 measurements. 
’ z 0 means Kf(HA;)i50. For conjugate acids of bases, 
kr(B,H+) values are shown. 

3.3. Comparison of the pK, values in GBL and PC 

The relation between the pK, values in GBL 
and PC [7] are plotted in Fig. 3. There is a linear 
relation with unit slope. The average difference 
between the pK, values in the two solvents is 0.96. 

L$ 14 

d .3 
.v 

%g 

5 10 15 20 

pKa in PC 

Fig. 3. Relation between pK, values in GBL and those in PC. 
Numbered circles refer to the acids listed in Table 2. 

The solvent effect on pK, can be represented by 

- log y,(HA,R -+ S) (2) 

pK,(BH + ,S) - pK.JBH + ,R) 

= log y,(H + ,R + S) + log y,(B,R + S) 

- log y,(BH + ,R -+ S) (2’) 

where yt shows the transfer activity coefficient 
from solvent R to S. If log y,(A- ,R -+ S)S 
log y,(HA,R + S) or log y,(B,R + S) k log y,(BH + , 
R + S), we can expect pK,(HA,S) - pK,(HA,R) + 
log y,(H+,R -+S) or pKJBH+,S)-pK,JBH+, 
R)+log y,(H + ,R + S). In the previous paper [5], 
we confirmed that both pH-ISFETs and the 
glass electrode responded in near-Nernstian 
ways to log y,(H + ,R +S). We determined 
log y,(H + ,GBL-+PC) using the ISFETs and the 
glass electrode, under the extrathermodynamic as- 
sumption of negligible liquid junction potential [9] 
which was considered to be reliable enough from 
our detailed study [lo] on the liquid junction 
potential between different solvents. The values of 
log y,(H + ,GBL -+ PC) obtained were between 1 .O 
and 1.5 and fairly near to the difference between 
pK, values in PC and GBL. Thus the difference 
between pKa values in PC and GBL can mainly be 
attributed to the difference in proton solvation. 
The donor numbers of PC and GBL are 15.1 
and 18 respectively, and GBL is somewhat more 
basic than PC. However, the structures and 
properties of PC and GBL are somewhat similar 
to each other. Therefore, it seems reasonable that 
the relations pK,(HA,PC) - pK,(HA,GBL) + 
log y,(H + ,GBL + PC) and pK,(BH + ,PC) - 
pK,(BH + ,GBL) k log y,(H + ,GBL + PC) were 
obtained. 

3.4. Comparison of the response of the pH-ISFETs 
and the glass electrode in GBL and rough estima- 
tion of the autoprotolysis constant of GBL 

In the determination of pK, values and homo- 
conjugation constants above, the Ta,O,-type pH- 
ISFET was mainly used. When the glass electrode 
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0 1 2 1 2 0 1 2 

Titrant, mL 

Fig. 4. Titration curves of 20 ml of 5 mM picric acid in GBL 
with 0.1 M Bu,NOH in MeOH-toluene, obtained with three 
kinds of pH sensor and at three different speeds of titrant 
addition. Speed of titrant addition: (a) 0.075; (b) 0.5; and (c) 
4.5 ml min- ‘. pH sensor: (1) S&N,-ISFET; (2) Ta,O,-ISFET; 
and (3) glass electrode. 

was used, it took a few hours or more to get a 
whole titration curve and some distortion oc- 
curred in the curve mostly as the result of hydrol- 
ysis of GBL by acids and bases. Thus it was 
difficult to get reliable information with the glass 
electrode. The response of the Ta,O,-type ISFET 
was fast enough in so far as the titration curves 
were measured manually, waiting, after each addi- 
tion of titrant, until the equilibrium potentials 
were reached. 

In order to get titration curves more rapidly, 
the use of a pH sensor with higher response speed 
was essential. We ran a comparative study con- 
cerning the response speeds of the Si,N,- and 
Ta,O,-type pH-ISFETs and the glass electrode. 
Typical results are shown in Fig. 4. The titration 
curves of picric acid with Bu,NOH were obtained 
at three different titration speeds using an autobu- 
ret. The recording of a titration curve took ap- 
proximately 27 min for (a), 4 min for (b) and 
approximately 27 s for (c). It is apparent that the 
response speed is in the order Si,N,-ISFET > 
Ta,O,-ISFET > glass electrode. With the S&N,- 
ISFET, the titration curve was almost satisfactory 
even in case (c) and the pH reached after the end 
point was the highest in this case. In cases (a) and 

(b), the pH after the end point was lower than in 
case (c) because of the reaction of OH ~ ions with 
GBL. In addition to the rapid response, the 
Si,N,-ISFET could respond in the Nernstian way 
to the pH in GBL. 

The curve for the rapid titration of picric 
acid with Bu,NOH obtained with S&N,-ISFET 
(curve 1 of Fig. 4c) was used for the rough 
estimation of the autoprotolysis constant (Ksu) 
of GBL. It was between 29 and 30 on the pKs, 
scale. The pKsu of PC has been reported to 
be z 29 [6,11]. This result also supports the 
fact that the acid-base property of GBL is close 
to that of PC. 

4. Conclusions 

In the present work, we used a Ta,O,-type 
pH-ISFET to determine the pK, values and 
homo-conjugation constants of acids in GBL and 
a S&N,-type pH-ISFET to estimate the pKs, 
value of GBL. This seems to be the first use of 
pH-ISFETs for the practical study of acid-base 
equilibria in nonaqueous solvents. Due to their 
rapid response, the pH-ISFETs gave results which 
could not be obtained with a conventional glass 
electrode. pH-sensors with high response speeds 
are very important in nonaqueous solutions. They 
are applicable to unstable acid-base systems in 
nonaqueous solvents. They can also be used for 
pH measurements of flow systems as well as for 
high speed nonaqueous acid-base titrations. Sys- 
tematic studies are now in progress in our labora- 
tory to develop highly reliable pH-sensors for use 
in nonaqueous systems. 
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Abstract 

Permeation of seven lanthanides (Ln) and thorium through a supported liquid membrane containing di-(n- 
octyl)phosphoric (DOPA) or di-(n-pentyl)phosphoric (DPPA) acid as a carrier has been studied as a function of the 
chemical composition of the system. The results have been compared with a previous study in which di-(Zethyl- 
hexyl)phosphoric acid was used. 

Metal cations were transported from feed solutions of pH 1.1-4.8 (HNO,) into strip solutions of 0.015-0.1 mol 
l- ’ nitric acid. The ionic strength was kept constant at 0.1 mol l- ’ (HNO,, KNO,). The initial lanthanide 
concentration and carrier concentration in the liquid membrane were varied from 0.5 to 500 pmol 1-l and from 0.01 
to 0.5 mol l- ’ respectively. To describe the mass transfer of metal cations, permeability coefficients have been 
determined by inductively-coupled plasma atomic emission spectroscopy or by on-line flow-injection analysis of metal 
concentrations in strip or feed solution. 

Probably as the result of a higher solubility of the carrier in aqueous media, transport of Ln with DPPA was not 
observed. By using DOPA, La, Ce, Pr, and Nd permeated through the membrane while transport of heavier Ln was 
partly or totally suppressed. This enables these four Ln (separation factor tl = 3.0 for Nd and Sm) to be separated 
from the others. Furthermore, at a very low acidity gradient, only La (III) is transported over the membrane (a 2 3.4 
for La, Ce and next Ln). The seven elements from La to Tb can be separated from Th(IV) because no evidence of 
its permeation through the membrane was found under the conditions of Ln transport. In contrast to previous studies 
on Ln transport with dialkylphosphoric acid carrier, the possibility of participation of species other than Ln(AHA), 
in the transport has been discussed. The decrease of permeability observed at higher Ln concentrations and higher pH 
of the feed solution has been explained as the result of formation of species, e.g. polymeric ones, that are unable to 
permeate through the membrane. 

Keywords: Lanthanides; Thorium; Membrane separation 
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1. Introduction 

The commercial-scale separation and refining 
of rare earth elements (REE) have been mainly 
carried out by solvent extraction with di- 
alkylphosphoric acids (DAPAs), particularly with 
di-(2-ethylhexyl)phosphoric acid (DEHPA) [ 1,2]. 
Recently, new DAPA extractants, such as di-(4- 
ethylcyclohexyl)phosphoric acid [3] and isopropyl- 
3-pentadecylphenylphosphoric acid [4], have been 
investigated with the aim of improving extraction 
efficiency. Generally, better extraction properties 
were found with DAPAs with long and straight 
alkyl chains than with those with short and 
branched chains [5]. The extraction separation of 
adjacent lanthanides (Ln) follows the trend n- 
octyl < 2-ethyl-hexyl c 3-octyl, i.e. in the order of 
increasing steric hindrance by the alkyl group [6]. 
Another feature of lanthanide extraction with 
organophosphoric acids is an increase of extrac- 
tion efficiency with atomic number owing to lan- 
thanide contraction [3,6,7]. 

Among DAPA extractants for Ln, di(n- 
pentyl)phosphoric (DPPA) and di(n-octyl)phos- 
phoric acid (DOPA) have been employed. In 
agreement with the conclusions reported above, 
considerably higher values of extraction constants 
of Ln with DOPA were found than those with 
DEHPA and the values of separation factors for 
adjacent Ln were lower when DOPA was used [5]. 

A new approach for selective extraction and 
enrichment is the supported liquid membrane 
(SLM) technique that is employed in both chemical 
technology and analytical chemistry [8,9]. The 
analytical application of this technique consists of 
sample preparation before analysis and field sam- 
pling. The basic principle is a continuous extraction 
from an aqueous phase (feed solution) into a liquid 
membrane, followed by a continuous stripping to 
aqueous acceptor phase (strip solution) on the 
other side of the membrane. The membrane is 
formed by an organic solvent of low polarity, 
immobilised in a thin porous hydrophobic support. 

Application of DEHPA in the transport of 
REE through SLMs is currently under study [lo- 
131. In previous work [14-161, transport of Ln 
has been investigated as a function of hydrody- 

namic conditions, feed solution acidity and carrier 
concentration. 

Here we present the results of our detailed 
study on the transport of Ln through SLMs con- 
taining DPPA or DOPA as a function of the 
chemical composition of the system, aimed at 
comparison of these carriers with DEHPA and 
the explanation of transport processes of Ln with 
dialkylphosphoric acid carriers. Furthermore, the 
transport of Th(IV) that coexists with Ln, e.g. in 
monazite and thorite, has been investigated. Sepa- 
ration of Th from REE is important in analysis 
and production of these elements which may be of 
particular interest in the future regarding the pos- 
sible use of thorium in nuclear power plants. 

2. Experimental 

2.1. Reagents and solutions 

Nitrates of La (Merck, Germany), Ce (Carlo 
Erba, Italy), Nd, Eu and Tb,O, (Fluka, Switzer- 
land) of analytical-grade purity as well as pure 
nitrates of Pr and Sm (Fluka) were dissolved in 
nitric acid. Stock solutions of 2.5 mmol 1-l Ln or 
Th(NO,), (analytical grade; Lachema, Czech Re- 
public) in 0.1 or 0.15 mol 1 - ’ HNO, respectively, 
were standardised by chelatometric titration. 

DPPA and DOPA were synthesized and 
purified in the Department of Inorganic Chem- 
istry of the University. Their purity was verified 
by ‘H-NMR and 3’P-NMR spectroscopy. Stock 
solutions of the dialkylphosphoric acids were pre- 
pared in kerosene (Lachema) which was previ- 
ously purified by extraction with 0.5 mol 1-l 
sodium hydroxide, water, and 0.5 mol 1-l hy- 
drochloric acid. 

Feed solutions of pH 1.1-4.8 (pH adjusted with 
dilute nitric acid or ammonia) contained lan- 
thanide or thorium at an initial concentration of 
4.2 ,ug ml - ’ with the exception of the study of the 
effect of metal concentration where the concentra- 
tion of La, Pr, or Eu was varied in the range 
0.5-500 pmol l-l, i.e. between 0.07 and 76 pug 
ml-‘. As a strip solution, 0.015-0.1 mol 1-l 
nitric acid was used. The ionic strength of the feed 
and strip solutions was kept constant at 0.1 mol 
l-’ (HNO,, KNO,). 
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The reagent solution used in the flow-injection 
analysis (FIA) determination of Ln [ 17,181 con- 
tained 0.06 mmol 1 - ’ Xylenol Orange (Lachema), 
0.6 mmol 1 - ’ cetylpyridinium bromide monohy- 
drate (pure; Aldrich, USA) and 4% v/v ethanol 
(distilled; Lachema) in 0.2 mol l- ’ acetate buffer 
pH 4.5. 

Isothermally-distilled ammonia was used. All 
other reagents were of analytical grade purity and 
were purchased from Lachema. 

2.2. Procedure and apparatus 

Durapore GVHP 04700 (Millipore, USA), a 
laminar microporous poly(vinylidenedifluoride) 
film of 125 pm thickness and with an effective 
pore diameter of 0.22 pm, was used as a solid 
support for liquid membranes. The effective area 
of the liquid membrane, i.e. the product of the 
nominal porosity coefficient of the support (0.75) 
and its cross-sectional area in contact with solu- 
tions, was 8.51 cm2. 

SLMs were prepared, treated and reimpreg- 
nated by the method described earlier [14]. One 
membrane was reused up to 50 times without the 
observation of any inconsistency in the results. 
When not in use the purified membrane was 
stored in kerosene. 

Transport experiments were performed in a 
two-compartment cell described elsewhere [ 191, in 
which the flat sheet membrane separated the feed 
from the strip solution (200 ml of each). Both 
solutions were stirred at 1300 rev min - ’ [14]. 

Lanthanide concentrations in feed and/or strip 
solution were on-line monitored using a FIA spec- 
trophotometric method [17] based on the reaction 
of Ln with Xylenol Orange and cetylpyridinium 
bromide at pH 4.5 which was adjusted by acetate 
buffer. By injecting samples of acidic strip solu- 
tion, a negative signal was obtained due to insuffi- 
cient capacity of the acetate buffer. The 
determination of lanthanide in the strip solution 
was established as the linear decrease of the abso- 
lute value of this negative signal with increasing 
metal concentration. The data used to determine 
the permeability coefficient values were collected 
at 3 min intervals 3-30 min from the beginning of 
the transport experiment. Feed solution acidity 
was monitored during the run. 

A Model PCR 01 four-path peristaltic pump 
equipped with Tygon tubing (Labeco, Slovak Re- 
public) was used to maintain the flows of the FIA 
reagent, carrier, and sampled solution each at 0.8 
ml min - ‘. As the carrier solution, 0.2 mol 1 - ’ 
acetate buffer pH 4.5 was employed. The FIA 
manifold consisted of a Model 5020, six-port in- 
jection valve (Rheodyne, USA) with a sample 
loop of 72 ml volume, a Model VD 104 on-capil- 
lary photometric detector (Labeco), and a TZ4620 
recorder (Laboratory Instruments Prague, Czech 
Republic). Transport lines, a 0.5 m mixing coil 
and a 1 m reaction coil were made with 0.8 mm 
i.d. Teflon tubing. Lanthanide concentration was 
monitored at 610 nm with 40 nm bandwidth. 

To follow the effect of metal concentration on 
membrane transport of Ln and to study the trans- 
port of Th(IV), 1 ml aliquots were taken from the 
feed and strip solution at 5 min intervals during a 
30 min membrane experiment and diluted 1: 1 with 
nitric acid solution. A Model PU 7000 induc- 
tively-coupled plasma sequential atomic emission 
spectrometer with grid nebulizer and plasma gen- 
erator working at a power input of 0.9 kW 
(Philips-Unicam, UK) was employed to determine 
the metal concentration. The samples in 0.1 mol 
1~ ’ HNO, were introduced at a flow rate of 1 ml 
min-’ by means of a peristaltic pump. The mea- 
surement of Th, La, Pr, and Eu was performed at 
wavelengths of 283.730, 333.749, 390.844 and 
381.967 nm respectively. Nitric acid, 0.1 mol 1 - ‘, 
was used as a reference solution. 

A Model OP-208 pH-meter equipped with an 
OP-0808-P glass-Ag/AgCl combined electrode 
and phthalate and phosphate standard buffers 
(all Radelkis, Hungary) was used for acidity 
measurements. 

3. Results and discussion 

Mass transport of metal cations has been ex- 
pressed in terms of permeability coefficients, P 
(cm min - ‘). Their values were determined from 
sets of primary data in the form of a metal 
concentration vs. time dependence by using the 
linear relationship introduced by Danesi [20]: 
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ln cr,o = 5. p,t 
Cf f 

(1) 

where Q is the membrane effective area, V, is the 
volume of feed solution, and cf,0 and cf are time- 
dependent bulk concentrations of the metal spe- 
cies in the feed solution at time zero and time t 
respectively. P, represents the value of the perme- 
ability coefficient determined from the measure- 
ment of cr. 

In previous studies [14- 161 on the permeation 
of lanthanide cations through SLMs containing 
di-(2-ethylhexyl)phosphoric acid, a decrease in 
permeability at pH > 2.5-3 and/or at higher 
DEHPA concentrations was noted. The presence 
of a waxy-gelled, metal-containing substance in 
the feed solution and at the feed-membrane inter- 
face has been interpreted in terms of chemical 
speciation and blockage of the membrane surface. 
The presence of the gel-like substance in the feed 
solution has also been observed by other authors 
[21,22]. To avoid discrepancies arising from for- 
mation of this substance, variations of metal con- 
centration in the feed solution have been 
monitored as the difference between the initial 
concentration of the metal, cf ,,, and its concentra- 
tion in the strip solution at time t, c,. Therefore, 
the values of permeability coefficients P, have 
been estimated by using the linear Eq. (2) [15]: 

In CfO Q ----=--pP,t 
Vf 

(2) 
Cf.0 - G 

Thus, for the determination of P, values, the 
separation function of the membrane has been 
considered for the strip-membrane interface. 

3.1. DPPA 

The application of DPPA as a carrier has been 
investigated under the conditions that have been 
found favourable for the membrane transport of 
lanthanides with DEHPA [14-161. The DPPA 
and initial Nd(II1) concentrations were kept at 50 
mmol 1 - ’ and 4.2 pg ml - i respectively. The strip 
solution consisted of 0.1 mol 1 - ’ HNO, and the 
feed solution acidity was varied in the range pH 
2.8-5.5. In successive experiments, the carrier 
concentration was increased up to 250 mmol 1 - ’ 
and the acidity gradient over the membrane, 

which is a driving force in membrane transport 
with acidic carriers, was enhanced by using 0.5 
mol 1~ ’ HNO, as a strip solution (ionic strength 
in solutions kept at 0.5 mol 1-l (HNO,, KNO,). 
However, no evidence for the transport of Nd(II1) 
cations into and/or through the liquid membrane 
was found during the 95 min experiments, proba- 
bly due to the solubility of DPPA in the aqueous 
phase. In a SLM, the volume of the liquid mem- 
brane is negligible in comparison to those of the 
feed and strip solutions and thus higher solubility 
of the carrier in aqueous media has a detrimental 
effect on the transport process. Subsequent appli- 
cation of DOPA as a carrier possessing longer 
alkyl chains and hence having lower solubility in 
water media, resulted in a noticeable transport of 
Ln through the SLM under the experimental con- 
ditions mentioned above. 

3.2. DOPA 

3.2.1. Effect of acidity 
In previous studies on lanthanide permeation 

through SLMs with DEHPA [lo- 161, which 
mostly used a dialkylphosphoric acid carrier, the 
effect of the strip solution acidity on transport has 
been investigated rarely or not at all. In Fig. 1, 

I2 0.2 : 
1 

0.0 L 
0.00 0.05 0.10 0.15 

c( HN03) (mol/l) 

Ce 
Pr 
Nd 

Sm 
Eu 
Tb 

Fig. 1. Effect of strip solution acidity on permeability co- 
efficients. Feed solution: initial lanthanide concentration 4.2 
pgml-‘; pH: La, 3.10~0.01; Ce, 3.08 kO.02; Pr, 3.04 kO.02; 
Nd, 2.90 & 0.04; Sm, 2.87 k 0.05; Eu, 3.12 f 0.02; Tb, 3.10 k 
0.05. Ionic strength in feed and strip solutions: 0.1 mol I-’ 
(HNO,, KNO,). SLM: 50 mmol 1-l DOPA in kerosene. 
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3 
Feed pH 

5 

Fig. 2. Effect of feed solution pH at higher acidity gradient. 
Strip solution acidity given by 0.1 mol I- ’ HNO,. Other 
conditions as in Fig. I. 

the behaviour of Ln in transport with DOPA 
carrier is shown in terms of dependence on nitric 
acid concentration in the strip solution. The per- 
meability coefficients decrease with increasing 
atomic number and those of light Ln from La to 
Nd are considerably higher than the values found 
for Sm, Eu, and Tb. The difference increases with 
acidity of the strip solution and at 0.1 mol l- ’ 
HNO, the membrane separation factor of the 
couple Nd-Sm, CI = Ps,NdlPs,Sm, equals 3.0, which 
can be used in separation of the groups of Ln. In 
contrast, permeability coefficients rapidly decrease 
in the case of nitric acid concentrations lower 
than about 70 mmol l- I (Tb) or 40 mmol l- ’ 
(Ce). However, La(II1) permeability remains high 
even at 15 mmol 1 - ’ HNO,. Thus, La(II1) can be 
separated from adjacent cerium (c( = P,~L,/P,,c, = 
3.4) or from the other Ln at low acidity of the 
strip solution. 

The P, vs. feed solution pH curves of light Ln 
presented in Fig. 2 (0.1 mol l- ’ HNO, as strip 
solution) exhibit maxima. With increasing atomic 
number, the maxima are lower and their position 
changes from pH 3.2 for La to pH 2.1 for Sm. 
The transport of Tb, a representative of the heavy 
Ln, practically does not proceed and the curve of 
Tb is flat. If the acidity gradient is decreased by 
lowering the concentration of nitric acid in the 
strip solution to 35 mmol 1-l (Fig. 3), i.e. at 
lower force driving the transport, a plateau and 

maximum appear on the curves of La, Ce, and Pr 
(maxima: pH 3.1 for La, 3.0 for Ce, 1.9 for Pr; 
plateau: pH 1.9-2.5 for La and Ce, 2.5-3.0 for 
Pr). The curves of Nd and Sm show maxima at 
pH 1.9 and 2.1 respectively. Only a slight defor- 
mation can be found on the Nd curve at pH 
z 2.8 where the plateau should appear by analogy 
with praseodymium. The permeability of the next 
lanthanide, Sm, is already low and Tb is not 
transported over the membrane due to the low 
acidity gradient. The position of the maxima on 
the curves of La, Ce, and Sm and that of the 
plateau or deformation on the curves of Pr or Nd 
corresponds approximately to the maxima found 
at higher acidity gradient in Fig. 2. 

The appearance of the plateau and maxima on 
pH curves measured at lower acidity gradient 
could be explained by the transport of two species 
with different permeability which are formed due 
to dependence on feed solution pH. This, of 
course, means that the commonly suggested 
[5,2 1,221 extraction equilibrium (A) 

Ln3 + 3(HA), ++ Ln(AHA), + 3H + (4 

where overbars denote the species present in the 
organic phase of low polarity and HA represents 
DAPA extractant, is not the only one which could 
take place in the membrane transport processes. It 
is well known that LnA, species are formed in the 
solvent extraction with deficient amount of 

.s 0.4 

E 

2 

a” 0.2 

, 
3 

Feed pH 5 

Fig. 3. Effect of feed solution pH at lower acidity gradient. 
Strip solution acidity given by 0.035 mol I- ’ HNO,. Other 
conditions as in Fig. I. 
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DAPA [5] where the extraction equilibria could 
follow scheme (B): 

- - 
2Ln3 + + 3(HA),H2LnA, + 6H + 09 

or scheme (C): 
-- 

Ln3+ + 3HAttLnA, + 3H+ ((2 

if the dimerization of DAPA does not proceed. 
Explanation of membrane transport of Ln by 
equilibrium (C) has been suggested in the litera- 
ture [ll]. However, the DOPA concentration in 
the liquid membrane in our study was about three 
orders of magnitude higher than the initial Ln 
concentration in the feed solution and, thus, the 
conditions were more favourable for equilibrium 
(A). 

In contrast, the equilibria producing mixed-lig- 
and complexes Ln(AHA),(NO,),(HA),, where 
x + y = 3, could also proceed for the extraction 
from nitrate solutions. Taking into account the 
coordination number (six) of Ln(III) cation and 
the presence of dimeric (HA), and anionic 
(AHA)) species, the complexes, e.g. Ln(AHA),- 
NW-W,~ could be formed in the membrane 
separation process and the equilibrium (D) could 
proceed with dependence on pH: 

Ln(AHA),(NO,)(HA),o Ln(AHA), + H + + NO; 

The formation of similar mixed-ligand complexes 
in acetone solutions, referred to as Eu- 
A(NO,HA),, and their decomposition to EuA, 
polymeric species appearing as a solid phase after 
dilution with water, have been described else- 
where [23]. 

3.2.2. Efect of carrier concentration 
The effect of DOPA concentration in the liquid 

membrane on the permeation of Ln into strip 
solutions of 100 mmol l- ’ (Fig. 4) and 35 mmol 
1 - ’ nitric acid (Fig. 5) was studied at pH 3.0 f 0.1 
of the feed solution, i.e. near the maxima (or 
plateau) observed in the pH curves in Figs. 2 and 
3. All the plots of P, vs. DOPA concentration 
have maxima at 50 mmol l- ’ DOPA. In Fig. 5, 
i.e. at lower acidity gradient, lower P, values are 
attained and the decrease of La and Ce perme- 

0.00 0.15 0.30 
c( DOPA) (mol/l) 

Fig. 4. Effect of carrier concentration at higher acidity gradi- 
ent. Feed solution pH: La, 3.07 + 0.03; Ce, 3.03 k 0.03; Nd, 
2.95 + 0.05; Sm. 2.93 f 0.02; Tb, 3.13 ) 0.03. Strip solution 
acidity given by 0.1 mol I ’ HNO,. Other conditions as in 
Fig. 1. 

ability coefficients at c(DOPA) > 50 mmol 1-l is 
sharper. 

3.2.3. Effect of lanthanide concentration 
Studies on membrane transport involving the 

effect of metal concentration are few [12,24,25] 
although this variable can play an important role 
as shown in Fig. 6. The permeability coefficients 
of La and Pr determined from Eqs. (1) and (2) are 

c( DOPA) (mol/l) 

Fig. 5. Effect of carrier concentration at lower acidity gradient. 
Feed solution pH: La, 3.12 f 0.01; Ce, 3.08 + 0.01; Pr, 3.03 + 
0.03; Nd, 2.91 If: 0.03; Sm. 2.98 + 0.03. Strip solution acidity 
given by 0.035 mol I-’ HNO,. Other conditions as in Fig. 1. 
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-7.5 -6.0 -4.5 -3.0 
log Cf.0 

Fig. 6. Effect of initial lanthanide concentration (mol I - ‘) on 
permeability coefficients measured in feed and strip solutions. 
Feed solution pH: La, 2.83 + 0.05; Pr, 2.80 + 0.06; Eu, 2.84 f 
0.06. Other conditions as in Fig. 1. 

practically independent of initial concentrations 
cfTO < 30 pmol l- ‘. For Eu, representing the 
group of heavier Ln, this limit is valid only for P, 
values while those of P, decrease even at cr.0 > 5 
pmol 1 - ‘. Furthermore, P, values are lower than 
P, values over the whole concentration range 
studied. 

At crqO > 30 pmol 1 - ‘, the ratio of c(DOPA)/c,, 
is still high, ranging between 1.6 x lo3 and 1 x 
102. Thus Eq. (1) should be valid and the initial 
membrane flux, J,, should vary with cf.0 in com- 
pliance with the relation J,, = P. q0 [20,25], where 
the permeability coefficient P is a proportionality 
constant. The curves of log J,, vs. log cr.0 in Fig. 7 
(J,, calculated by using the relation introduced 
above) show that this is valid only at lower con- 
centrations and that the decrease of permeability 
in Fig. 6 is greater than could be explained by 
saturated flux through the membrane. 

The observed decrease of permeability at higher 
lanthanide concentrations can be explained due to 
formation of species that are unable to permeate 
through the membrane. The heavier lanthanide 
species remain partially in the membrane or block 
the feed-membrane interface. As a result, P, val- 
ues lower than Pf are obtained. 

In previous work on membrane transport of 
Eu(II1) with DEHPA [21], formation of polymeric 
Eu-DEHPA species was presumed as an explana- 

tion for both the origin of the gel-like coating 
found on the membrane surface and the drop in 
transmembrane conductivity. However, in con- 
trast to studies [14-16,21,22] on Ln transport 
with DEHPA as a carrier, the presence of any 
gel-like material was not observed using DOPA. 

3.2.4. Transport of thorium(IV) 
Thorium(IV) can be extracted from its nitrate 

solutions in the form of mixed ligand complexes 
with DEHPA [2]: 

Th4+ + NO; + 3(HA), ++Th(NO,)(AHA), + 3H + 

(E) 
As assumed, Th(IV) extraction with DOPA would 
follow an identical scheme. The pH of feed solu- 
tions containing Th(IV) was varied between 1.1 
and 3.0 to maintain sufficient acidity gradient over 
the membrane and to prevent Th(IV) hydrolysis 
[26,27], leading to the formation of Th(OH)3 + 
and Th(OH): + species at pH > about 3. The 
membrane containing 50 mmol ~ ’ DOPA and 0.1 
mol 1 - ’ nitric acid was used as a strip solution. 
The concentration of thorium in the feed solution 
remained at the initial level, c~,~, and no evidence 
for transport of Th(IV) was found under condi- 
tions favourable for permeation of Ln. As a con- 
sequence, Th(IV) could be separated from the Ln 
studied under the given conditions. 

-5 

2 

F? 

-6 

-7 
-6.5 -4.5 -2.5 

log Cf.0 

Fig. 7. Initial flux through the membrane as a function of 
initial lanthanide concentration (mol I- ‘). Conditions given in 
Fig. 6. 
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4. Conclusions 

The dependences of P, on carrier concentration 
and P, on pH of the feed solution, which have 
been measured under identical experimental con- 
ditions using DEHPA [15,16] as carrier, are very 
similar to those with DOPA and their maxima are 
situated at identical or comparable values of car- 
rier concentration and pH respectively. In the case 
of membrane transport with DEHPA, Ln are 
divided into two groups: light (inclusive of Tb), 
and heavy lanthanides which differ significantly 
in their permeability as can be demonstrated by 
the value of the membrane separation factor c( = 
Ps.~dPs.~o = 1.4 1161. 

With DOPA carrier, the values of permeability 
coefficients of the Ln from La to Nd are compara- 
ble to those obtained with DEHPA. However, the 
permeation of heavier Ln is suppressed and a 
separation factor of 3.0 is achieved for the Nd, Sm 
couple. In contrast to DEHPA, the formation of 
any gel-like substance in solutions or on membrane 
interfaces has not been observed using DOPA. 

This work shows that the transport efficiency of 
Ln with dialkylphosphoric acid carrier is not only 
a strong function of feed pH and carrier concentra- 
tion, as observed in previous studies with DEHPA 
but that the strip solution acidity and initial lan- 
thanide concentrations also play an important role. 
Furthermore, it was shown that Ln(AHA), are not 
the only species which can take part in Ln trans- 
port through the membrane. However, the de- 
crease of permeability at higher lanthanide 
concentrations and higher pH of the feed solution 
can probably be explained by formation of species 
which are unable to permeate through the mem- 
brane. The decrease of permeability observed at 
higher carrier concentrations, i.e. in the range 
0.05-0.25 mol 1-l DOPA, could only be partially 
explained by the decrease of diffusion coefficients 
with increasing viscosity of the liquid membrane. 
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Abstract 

We have developed a simple, rapid, inexpensive method for the determination of benzo[a]pyrene (BP, a known 
carcinogen) in smoking-flavour agents (water-soluble liquid smoke; WSLS). After purification of the WSLS by a 
single passage through a Sep Pak Cl8 Plus cartridge, BP in the hexane eluate was determined by second derivative 
constant-wavelength synchronous spectrofluorimetry. Method precision (RSD < 6%) and recovery ( zz 92%) were 
satisfactory, and the detection and quantification limits (1.05 and 2.28 pg kg- ’ respectively) indicated that the 
current maximum permissible concentration of BP in smoke flavourings (10 pg kg- ‘) can be monitored by this 
method. 

Keywords: Benzo[a]pyrene; Polycyclic aromatic hydrocarbons; Smoking-flavour agents; Spectrofluorimetry 

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are 
formed when organic matter undergoes incom- 
plete pyrolysis and then condensation. In recent 
years, their toxicology and analysis have been of 
interest because of the carcinogenicity of many of 
them, and the general ubiquity of PAHs in the 
environment due to the following factors: (a) 
aerial transport of PAHs from combustion 

* Corresponding author. 

sources and their subsequent deposition in bodies 
of water and in soil and into plants, from which 
they propagate along the food chain; (b) pyrolysis 
of food components (mainly carbohydrates, lipids 
and proteins) during food preparation involving 
high temperatures (500-700°C); (c) food process- 
ing, when food comes into contact with hydrocar- 
bon-based materials such as agricultural and 
industrial lubricants or food packaging; (d) during 
the smoking of foods by natural or artificial meth- 
ods (water-soluble liquid smoke; WSLS) [l-3]. 

Benzo[a]pyrene (BP) in particular is frequently 
sought as an indicator of the presence of other 
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PAHs in such diverse matrices as water [4] and 
foodstuffs [5]. Human exposure to BP and PAHs 
in general can occur through ingestion of food, 
contaminated air and water [4]. Thus several legal 
measures aimed at limiting the levels of BP in 
foodstuffs have been adopted. In Council Direc- 
tive 88/388/EEC [5], the EC (now the EU) set the 
maximum permissible level of BP in foods, 
derived from smoke flavouring, at 0.03 pg kg-‘. 
However, no limits are currently stated for other 
foods, although the EU intends to set a maximum 
level of 1 pug kg-l, as well as introducing restric- 
tions on cooking foods on an open flame [3]. In 
contrast, the FAO/WHO Joint Committee on 
Food Additives [6] has provisionally authorized 
the use of smoke flavourings when deemed neces- 
sary-which are typically used at a dose of be- 
tween 1 and 2 g kg-’ of foodstuff-to levels of 
BP no higher than 10 pg kg-‘. 

The analyses of smokes absorbed in liquids for 
commercial handling involve various analytical 
methods (GC, HPLC, etc.) [7-121. In this work 
we develop a simple, rapid, inexpensive method 
for the determination of BP from “water-soluble 
liquid smoke” (WSLS). The method precision and 
recovery are satisfactory, and the quantification 
limit is considerably lower than the 10 pg kg- ’ 
minimum suggested by the FAO/WHO Joint 
Committee. 

2. Experimental 

2. I. Reagents 

WSLS was supplied free of change by a manu- 
facturer of smoke flavourings; BP standard was 
purchased from Aldrich, residue-analysis-grade n - 
hexane was from Merck, and routine-grade ace- 
tonitrile for HPLC was from Scharlau. Stock 
solutions containing 100 pug 1 - ’ and 100 mg 1 - ’ 
of BP were prepared in n-hexane and acetonitrile/ 
water (1:2), and were stable under refrigeration at 
4°C; BP standards (0.5, 1, 2, 4, 8 and 16 fig 1-l) 
were prepared by appropriate dilutions of these 
stock solutions with n-hexane and with acetoni- 
trile/water. 

Table 1 
Optimization of the polarity of the initial eluent used in the 
purification step (n = 6) 

Solvent ratio % R 

Acetonitrile Water 

1 1.0 59.6 
1 1.2 78.1 
1 1.4 94.2 
I 1.6 98.0 
1 1.8 99.6 
1 2.0 100 

2.2. Apparatus 

All spectrofluorimetric measurements were per- 
formed with a Perkin-Elmer LS-50 luminescence 
spectrometer equipped with a xenon discharge 
lamp, Monk-Gillieson monochromators and 1 
cm quartz cuvettes, and provided with Fluores- 
cence DM software for acquisition and processing 
of spectral data. Moreover, the LS-50 was serially 
interfaced (RS232C) to a Handok HNS-286 PC 
linked to an HP Laserjet IIP printer for hard 
copies. 

2.3. Procedure 

2.3.1. Purification 
A sample of the WSLS (2 g) was spiked with 15 

or 30 ng of benzo[a]pyrene, mixed into 15 ml of a 
1:2 mixture of acetonitrile/water in a beaker, and 
passed through a Sep Pak Cl8 Plus cartridge that 
had previously been activated by passage of 5 ml 
of acetonitrile followed by 10 ml of distilled wa- 

Table 2 
Precisions (% RSD) and recoveries (%R) obtained when 5 ml 
of n-hexane was used to elute the BP sorbed onto a Sep Pak 
Plus Cartridge during passage of 15 ml of a 1, 4 or 8 pg I-’ 
solution of BP in 1:2 CH,CN/H,O (n = 6) 

BPin 15mlof BP determined % RSD %R 
standard (ng) in eluent (ng) 

5 5.30 2.6 106 
20 20.8 1.8 104 
40 36.9 0.6 92 
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ter. The sides of the beaker were washed with a 
further 15 ml of 1:2 acetonitrile/water, which was 
then passed through the cartridge to complete the 
purification process. The aqueous acetonitrile elu- 
ate was discarded, and the BP retained on the 
cartridge was eluted into a volumetric flask with 
n-hexane (final volume 5 ml). A sample was trans- 
ferred to a quartz cuvette for subsequent spec- 
trofluorimetric determination of BP. 

set to 5 nm. The excitation-emission wavelength 
difference was either 20 or 110 nm (see Results 
and discussion). Second derivative spectra were 
then generated by the data handling system of the 
spectrofluorimeter. 

3. Results and discussion 

2.3.2. Spectrojhorimetry 
Synchronous fluorescence spectra of the hexane 

solution obtained above were recorded between 
200 and 500 nm at a scan speed of 240 nm min - r 
and with excitation and emission slit-widths both 

Constant-wavelength synchronous spectro- 
fluorimetry is a selective and sensitive analytical 
technique that is both rapid and easy to apply. As 
such, it has been widely used for the determina- 
tion of BP in a variety of matrices [13- 161, usu- 
ally after an extraction/purification step that 

nm 

Fig. I (a). 
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Fig. l(a) Synchronous fluorescence spectra with A1 = 20 nm of 
hexane solutions of an unspiked sample of WSLS (I); 3 pg I - ’ 
BP standard (2) and WSLS spiked with 15 ng of ben- 
zo[a]pyrene (3). (b) Zoom-like expansion of the second deriva- 
tive of the marked region in (a). 

removes interferents present in the matrix. Such a 
step is necessary in the case of WSLS: it cannot be 
analysed directly due its inherent opacity, while its 
solutions in water or polar organic solvents show 
single broad peaks that mask the signal due to 
BP. 

In the purification step elaborated in this work, 
the BP in the WSLS was separated from hy- 
drophilic components and most of the interfering 
fluorescent compounds except other PAHs (these, 
however, do not interfere in the subsequent spec- 
trofluorimetric determination [17]) by a single pas- 
sage through a Sep Pak Cl8 Plus cartridge. The 
key to this step was careful balancing of the 
polarity of the initial eluent so that all the BP in 
the liquid smoke was retained on the cartridge. 
The optimum result was achieved using the 1:2 
acetonitrile/water mixture described (Table 1). 
Subsequently, hexane was chosen to elute the BP 
because it was sufficiently apolar to allow com- 

plete elution; it afforded a solution that was trans- 
parent in the wavelength region in which BP 
fluoresced; and it is the recommended solvent for 
determination of BP and PAHs in general by 
spectrofluorimetry [18]. A recovery of approxi- 
mately 100% was attained by eluting the BP in 5 
ml of hexane (Table 2). 

For the spectrofluorimetric determination of 
the BP, the spectrometer settings were adjusted so 
that, as far as possible, the instrumental sensitivity 
and resolution were optimized. The wavelength 
interval (An) between the emission and excitation 
monochromators that afforded the best signal (i.e. 
that maximized signal intensity while minimizing 
interference) was evaluated from the results of 50 
assays in which AI was varied, in 5 nm incre- 
ments, between 10 and 255 nm. A 20 or 110 nm 
interval gave the best results: the maximum peak 
intensity was obtained with a 110 nm interval (see 
Fig. 2); however, interference was less evident in 
the peak obtained with a 20 nm interval (Fig. 
l(a)), and so this peak was used for quantifica- 
tion. The small amount of residual interference 
due to background absorption was effectively 
eliminated by taking the second derivatives of 
these spectra. 

Having established AR, several combinations of 
slit widths were examined: the greatest sensitivity 
was obtained with widths of 2.5 (excitation) and 
20 nm (emission); however, a cleaner spectrum 
resulted when both slits were set at 5 nm. The 
selected scan speed of 240 nm allowed rapid spec- 
tral acquisition without excessive noise. 

3.1. QuantiJication and linearity of the 
instrumental response 

Quantification of the BP was by measurement 
of the peak-to-trough height of the signal corre- 
sponding to the second derivative between 379 
and 384 nm (Fig. l(b)) of the direct spectrum 
obtained with A1 = 20 nm (Fig. l(a)). The pres- 
ence of a signal at 296 nm in the direct spectrum 
obtained with Al = 110 nm served to confirm that 
the analyte being determined was indeed BP (Fig. 
2). 

The calibration line, constructed by regressing 
peak-to-trough height (I) of the second derivative 
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Fig. 2. Synchronous fluorescence spectra with AR = 110 nm of hexane solutions of an unspiked sample of WSLS (1); 3 pg I-’ BP 
standard (2) and WSLS spiked with IS ng of benzo[a]pyrene (3). 

signal due to BP on its concentration (c) for five 
of the standards (1 - 16 ,ug 1 - ‘), gave the equation 
c = 0.11461+ 0.0023 with a correlation coefficient 
(r) of 0.9998. 

The concentration (in pg kg- ‘) of ben- 

Table 3 
Precisions (% RSD) and recoveries (%R) obtained for six 
replicate samples of WSLS spiked with 15 and 30 ng of BP 

Amount added (ng) Amount measured % RSD %R 

15 13.7 5.2 91 
30 28.0 5.9 93 

zo[a]pyrene in the WSLS was obtained by multi- 
plying its concentration (pug 1-r) in the hexane 
eluate by a factor of 2.5, which value was deduced 
from the purification process carried out [i.e. (15 
ng/2 g)/(15 ng/5 ml)]. No BP was detected in 
unspiked WSLS (see Fig. 2). 

3.2. Detection and quant$cation limits 

Detection and quantification limits (calculated, 
following ACS guidelines [19], as the concentra- 
tion corresponding to the signal (i.e. its peak-to- 
trough height) equal to the mean signal for 6 



664 S. Garcia Falcdn et al. Talanta 43 (1996) 659-664 

blanks plus respectively, three and ten standard 
deviations) were 0.42 and 0.91 pg 1-l respec- 
tively, for BP in the hexane eluate. These equate 
to a detection limit of 1.05 ,ug kg- ’ and a quanti- 
tation limit of 2.28 pg kg- ’ for BP in the WSLS. 
Clearly, the latter concentration limit is much 
lower than the 10 pg kg-’ maximum set by the 
FAO/WHO Joint Committee on Food Additives 
[6], which they considered to be the minimum 
concentration that could be quantified in smoke 
flavourings. In the light of these results, the maxi- 
mum permissible concentration of BP in smoke 
flavourings should be reviewed, and accordingly 
reduced. 
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Abstract 

An extended set of equations which describe coupled arginase-urease reactions is presented. The mathematical 
treatment leads to the development of new equations which relate the lag-time required for the concentration of urea 
to reach a defined fraction of its steady-state concentration to the kinetic parameters of the enzymes, when the 
steady-state concentration of urea is small compared to its Michaelis constant value. the coupled arginase-urease 
reaction was monitored with a surface acoustic wave (SAW) enzyme sensor system, to couple the biochemical 
selectivity of enzymes with the sensitivity of SAW sensors. The proposed theoretical expressions were verified 
experimentally. The kinetic parameters of urease and arginase (extracted directly from bovine liver) were examined 
under theoretical guidance. Dependence of the lag-time of the coupled enzyme reaction on the concentrations of 
urease and arginase is also described. 

Keywords: Arginase-urease reactions; Kinetic analysis; Mathematical treatment; Surface acoustic wave enzyme sensor 
system 

1. Introduction 

As analytical reagents, enzymes offer the char- 
acteristic of high selectivity (and occasionally spe- 
cificity). Enzymes have been widely used in 
analytical chemistry owing to their substrate spe- 
cificity. Enzyme-based analytical procedures may 
be designed to determine the concentrations of 
substrates, coenzymes, activators and inhibitors. 

* Corresponding author. 

All of these possible applications, together with 
enzymatic kinetic assay, are included in the term 
enzymatic analyses. 

The equations relating the rate of an enzyme to 
the rate of appearance of a detectable product 
resulting from subsequent (auxiliary) enzyme re- 
actions were first developed by McClure [l] for 
systems involving two auxiliary enzymes. These 
were later extended by others to include multien- 
zyme systems and methods to minimize the cost 
of a two auxiliary enzyme system [2-41 were 
developed. So far there is no report on the deriva- 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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tion of kinetic equations for an arginase-urease 
coupled reation. Kinetic procedures for the esti- 
mation of arginine or the activity of arginase have 
only been reported [5-71. 

The purpose of this paper is to provide a theo- 
retical derivation of the kinetic equations for an 
arginase-urease coupled reaction and to make an 
experimental evaluation. The kinetic parameters 

H NH, 

tions. The sensor possesses a sensitive response to 
the change of ion species in the test solution. In 
addition, interferences caused by mass, viscoelas- 
tic properties can be avoided. Only the alteration 
of conductivity in the test solution can produce a 
frequency shift in the sensor system. 

The enzymatic catalytic reaction proceeds via 
arginase as shown below: 

H 
I I 

HOOC-C-(CHJ-NH-C=NH + H,O Argi”ase 
I 

- HOOC-C-(CH,),-NH, + O=C(NH,), 
I I 

NH, NH2 (2) 

Conductivity is not affected by the reaction. How- 
ever, the reaction may be monitored with the 
SAW enzyme sensor system if it is coupled to a 
second reaction, in which the urea formed in the 
first reaction acts as a substrate for urease to 
hydrolyze: 

of the arginase for arginine as substrate are also 
determined based on the proposed kinetic theory. 

2. Theory 

The derivations rely on the fulfillment of the 
following three assumptions: (1) the enzyme reac- 
tion obeys Michaelis-Menten kinetics; (2) the 
steady-state concentration of the substrate (urea) 
produced from the hydrolysis of arginine by 
arginase is much less than the apparent Michaelis 
constant for the subsequent urease; and (3) only 
the initial rate conditions are considered (the re- 
verse reactions are negligible). Whereas none of 
the above conditions are necessary for the devel- 
opment of the kinetic theory for the coupled 
enzyme reactions, the last two conditions are eas- 
ily achieved by selecting appropriate substrate 
concentrations. 

In a previous paper [8], the correlation between 
the frequency shift of the SAW (surface acoustic 
wave) sensor system and the conductivity of the 
test solution was derived by using circuit network 
theory, and was also verified experimentally. 
There is a relationship between the frequency-shift 
(AF) of the SAW enzyme sensor system and the 
conductivity change of the test solution (AK) dur- 
int the enzymatic reactions: 

AF = aAu + b (1) 

where a and b are constants resulting from the 
SAW oscillator, the detection cell, the solution 
conductivity range and other experimental condi- 

UrelW5 

O=C(NH,), + 3H,O- HCO, + 2NH,f + OH - 
(3) 

The second reaction involves the production of 
three kinds of charged species from a neutral 
compound (urea), resulting in an abrupt change in 
the concentration of ions, so the course of the 
reaction may be followed by measuring the fre- 
quency-shift response with time according to Eq. 
(1) by means of the SAW enzyme sensor system. 
The kinetic frequency-shift response of the SAW 
enzyme sensor system to the above coupled en- 
zyme reaction was recorded and the reaction rate 
obtained. With careful selection of the reaction 
conditions, the rate of the second reaction will be 
an indicator of the rate of the first reaction. 

The above-mentioned reactions can be consid- 
ered as the general situation: 

E2 
AEl’B’C (4) 

t’l 02 

The substrate A that has to be determined reacts 
under the catalysis of the enzyme E, to give B. 
The product is also hydrolyzed in the presence of 
enzyme E, and B can be easily detected. In the 
kinetic process of this system, the concentration 
of A is initially A,, and drops to zero; the concen- 
tration of B is initially zero, rises until it achieves 
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a maximum and then drops to zero again. In the The above equation is the difference between the 
experiment, the response signal (frequency shift, rate of formation of B(v,) and the rate of its 
AF), which is proportional to the concentration of destruction. At steady state, when d[B]/dt = 0, 
B, is read at several intervals. Eqs. (10) and (8) predict: 

In general, the rate of [B] is given by 

4Bl 
dt=v’-v2 (5) 

where 0, is the rate of the first (primary) reaction 
and v2 the rate of the second (indicator) reaction. 
As with the rate of any single-enzyme system, U, 
should reach a constant value almost instanta- 
neously and remain at this value over the period 
of interest (the next few minutes). In contrast, v2 
will have an initial value of zero (since [B] is 
initially zero) and will rise as [B] rises, according 
to the Michaelis-Menten equation [9,10]: 

“I = “ohs = d[C]/dt (11) 

Eq. (11) implies that, when the reaction reaches 
the steady state, the observed rate will be that of 
enzyme E,. this is illustrated in Fig. 1. A plot of 
u,,,,~ vs. v, gives a straight line with a slope of one 
until the rate of enzyme E, is equal to the rate of 
enzyme E,; at this point and at all values of vi in 
excess of V,, the observed rate equals V,. 

By assuming [B] = 0 at t = 0 and holding vi and 
VB constant with respect to time, integration of 
Eq. (10) gives: 

(6) 
(KB + PI) 

v,& + [WV, - J’B) 
d[B] = 

s 
dt (12) 

where V, is the maximum reaction rate for the 
enzyme E, and KS is the Michaelis constant for 
the substrate B. Similarly, the following equation 
can also be obtained: 

(7) 

where V, is the maximum reaction rate for the 
enzyme E, and KA is the Michaelis constant for 
the substrate A. 

The observed steady-state rate (v,,,) of the cou- 
pled enzyme reaction is simply the rate of enzyme 
E,: 

V obs = ~BF%IWB + [NJ (8) 

When the steady-state concentration B([B],,) is 
less than 0.01 KB, Eq. (8) simplifies to the rela- 
tionship: 

“ohs = ~BF%IKB (9) 

In order to calculate the elapsed time before the 
onset of the steady state, an expression for forma- 
tion of B in terms of time (t) must be obtained. 
Combining Eqs. (5) and (6) gives the following 
expression: 

4Bl VdBl 
dt = “’ - [B] + KB 

From Eq. (12), the following equation for [B] at 
any time t is obtained: 

U&v, - 4 PI) expk8 PWW’B)l 
= &G, exp[ - t+ 2lWB Vdl (13) 

where 4 = Vs - v,. When U, << V, and [B] << KB, 
Eq. (13) gives: 

PI = KBd Vdl - exp[ - t VB/GJl 
By defining 

/I = [B]/[B],, x 100% 

(14) 

(15) 

V. 
L 

Fig. 1. Theoretical prediction from Eq. (11). Note that t’, = 
u,,,~ for all values of V, < VB. The Figure presupposes measure- 
ments at infinite time. 
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Fig. 2. Theoretical relationship between log(v,/V,) and the 
time required for B to reach 99% of its steady-state value 
calculated from Eq. (17). Each curve represents a different 
value of Vs: (1) 16.0; (2) 8.00; (3) 4.00; (4) 2.00; (5) 1.00 kHz 
min - ‘. Ka value (Michaelis constant for urease) was experi- 
mentally estimated as 1.65 mM. 

where [B] is the concentration of the substrate B 
at any time t and [B],, is the concentration of B in 
the steady state given by 

MB UlKB 
MS = ( VB _ u,) = 7 (16) 

We can combine Eqs. (13), (15) and (16) to ob- 
tain: 

where ta is the lag-time before B reaches a defined 
fraction of its steady-state concentration as given 
by Eq. (15). Provided that u, << VB, Eq. (17) can 
be simplified as 

KB 
tg= -;ln(l -D) (18) 

“B 

Fig. 2 shows the relationship between the lag- 
time (tg, with p = 99%) calculated from Eq. (17) 
and the ratio (v,/V,). Note that, as the ratio u,/V, 
increases above 0.1, the time required for B to 
achieve 99% of its steady-state concentration in- 
creases dramatically. If p is selected as 95%, the 
actual lag-times are shorter, but follow the same 
trends as seen for /3 = 99%. Thus 0,/V, should be 

less than 0.1 if the steady-state rate is to be 
reached under conditions where the steady-state 
assumptions are still valid. This is particularly 
important when kinetic data for enzyme E, are 
examined at concentrations of substrate which are 
less than the value of the Michaelis constant. In 
addition, the tp value reflects the time required for 
the substrate (B) concentration to achieve a 
defined fraction (B) of its steady-state concentra- 
tion ([B],,). In order to determine the kinetic 
parameters of E, accurately, the amount of en- 
zyme E, must be in as great an excess as possible 
so that the observed rate is directly proportional 
to the amount of substrate A or enzyme E, added. 
Therefore, the kinetic parameters of enzyme E, 
can be estimated by using a Lineweaver-Burke 
plot [lo] which was derived from Eq. (7): 

1 1 KA -=- 
01 VA + V&l 

3. Experimental 

3.1. Apparatus 

(19) 

The apparatus used in this work was in princi- 
ple identical to that described previously [ll], 
where 10 ml detection cell was used. The whole 
experimental set-up is illustrated in Fig. 3. In 
order to maintain constant temperature, the 
whole assembly was thermostated in a double-lay- 

I-P-I-” 

Fig. 3. Sketch of the whole experimental set-up. 
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ered air-bath thermostating equipment (labora- 
tory made) which was monitored and controlled 
by a temperature controller (Modes WMZK-01, 
Shanghai Medical Instrument Corporation). This 
arrangement permitted the temperature of the sys- 
tem to be maintained within + 0.2”C. 

3.3. Procedure 

3.2. Reagents 

Urease (E.C. 3.5.1.5, from jack bean) was ob- 
tained from BDH Chemicals Ltd., Poole, UK. 
The enzyme activity, determined by the standard 
procedure [12], was found to be 1.7 E.U. mgg’. 
Arginase (L-arginine urea hydrolase, E.C. 3.5.3.1, 
from bovine liver) was obtained from Shanghai 
Biochemical Institute of Chinese Scientific 
Academy. The enzyme activity, determined by the 
standard procedure [13], was found to be 25.0 
E.U. mgg ‘. 

Arginase was also extracted from bovine livers 
(freshly obtained from a local slaughter house) 
using the following procedure. A fresh bovine 
liver ( = 250 g) was sliced with a razor blade and 
kept frozen for several hours in a refrigerator. The 
frozen liver slices were disrupted carefully with a 
universal mincer. A portion (100 g) of the liver 
paste was mixed with 200 ml of 0.02% sodium 
azide-20% glycerol (all in w/v, pH was adjusted 
to 7.5 with a small volume of 0.1 M NaOH). The 
mixture was shaken on an oscillating machine for 
30 min (275 times per minute) at room tempera- 
ture and kept in a refrigerator for 6 hs. It was 
stirred periodically. Finally, the mixture was 
filtered with a vacuum pump and two phases were 
separated. The crude extract was directly used in 
the measurements below without further purifica- 
tion. The enzyme activity of arginase in the ex- 
tract, estimated by the standard procedure [13], 
was found to be 3.0 E.U. ml-‘. When not in use, 
the arginase extract should be kept cold (4°C). 

Working reagent, arginase solution and urease 
solution were prewarmed at 30°C just before use. 
In a typical experiment, 8.70 ml working reagent, 
0.50 ml urease solution and 0.80 ml arginase 
extract were pipetted into the detection cell. The 
cell was placed in a thermostated air-bath cham- 
ber and incubated for 4 min. This allowed any 
side-reactions to reach completion since there is a 
small content of urea in the arginase extract. The 
platinum electrode was inserted into the cell. The 
reaction was started by the addition (with a mi- 
crosyringe) of 50 ~1 of standard arginine solution 
into the cell (total volume of test solution was 10 
ml). Frequency was recorded with time. The 
blank frequency-shift response was made in the 
same way but without adding arginine solution. 
The temperature of the test solution was kept at 
30.0 f 0.2”C during measurements. 

4. Results and discussion 

4.1. Kinetic parameters of w-ease and arginase 

To test the theoretical expressions proposed in 
the previous section, the coupled enzyme system 
involving both arginase and urease was examined. 
It is necessary to know the kinetic parameters of 
urease prior to the present study. Therefore, a 
kinetic assay was conducted to determine the 
value of KB under the following conditions: 1.0 
mM Tris-EDTA; pH 8.5; 30°C; 0.85 E.U. ml ~’ 
urease; urea standards varying from 0.042 to 0.50 
mM. The Lineweaver-Burke plot yields a Km 
value for urease of 1.65 mM(K,), which is of the 
same order of magnitude as that reported for jack 
bean [14], and a corresponding maximum initial 
rate, V,, of 6.25 kHz min - I. 

All other chemicals used were of analytical According to Eq. (17), a short lag-time is desir- 
grade. Distilled-deionized water was used for able when measuring the kinetic parameters of 
preparing all solutions. 1.0 mM Tris-EDTA (pH arginase. Hence an excess of urease was necessary 
8.5) was used as working reagent. The stock in order to ensure prompt conversion of all the 
arginine solution was 0.10 M in 1 .O mM Tris- urea formed and that the observed rate is directly 
EDTA working reagent. Urease was dissolved in proportional to the concentration of arginine. Ki- 
0.02% sodium azide-20% glycerol (pH 7.5) to netic parameters of arginase were measured by 
yield a final concentration of 17 E.U. ml-‘. using the SAW enzyme sensor system according 
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to Eq. (19). Under the selected conditions (1.0 
mM Tris-EDTA; pH 8.5; 30°C; 0.24 E.U. ml- ’ 
arginase; 2.55 E.U. ml-’ urease) arginine stan- 
dards varied from 0.050 to 0.50 mM. Experimen- 
tal results give KA = 12.0 mM and V, = 4.78 kHz 
min-‘. the K,,, value of arginase is of the same 
order of magnitude as literature values of lo-20 
mM (for rat liver arginase) [15,16]. 

4.2. Selection of reaction conditions 

The reaction mixture must be buffered, and the 
buffer will contribute a background conductance. 
A low concentration of Tris-EDTA buffer (1 .O 
mM), with its low intrinsic conductivity, was select- 
ed as the reaction medium. One further factor which 
needs to be taken into account is the pH profiles 
of the various enzymes involved. Clearly, it is 
essential that all the component enzymes are active 
at the pH used for assay, and the narrow ranges of 
activity of some enzymes pose problems in this 
respect. However, in practice, arginase is active 
around pH 8- 10 and urease around pH 7-8. Both 
enzymes are sufficiently active at about pH 8.5, but 
at no pH value are both enzymes active enough 
to be coupled together. Experimental results 
showed that the optimum pH was 8.5 and an 
especially sharp decrease of the reaction rate was 
observed above pH 9.0. Therefore, all supsequent 
investigations were performed at pH 8.5. The 
influence of temperature on the coupled reaction 
was similarly studied in the range lo-50°C. The 
reaction rate increases with increasing temperaure 
in the range lo-37’C, but decreases rapidly with 
increasing temperature above 40°C. 30°C was 
therefore selected for further experiments. 

4.3. Response of the SAW enzyme sensor system 

Typical responses of the SAW enzyme sensor 
system to different concentrations of arginine so- 
lution are depicted graphically in Fig. 4. It can be 
seen that frequency-shift response, or the reaction 
rate, increases with increase in arginine concentra- 
tion. The slopes of the curves at any given time 
are related to the rates of the coupled enzyme 
reactions at that point in time. As described previ- 
ously [ll], there is a correlation between fre- 

I . . . . . 
Tine (nin) 

Fig. 4. Typical frequency-shift response curves for various 
concentrations of arginine: (1) 0.50; (2) 0.40; (3) 0.30; (4) 0.20; 
(5) 0.15; (6) 0.10; (7) 0.05; (8) 0.00 mM. The determination was 
carried out under the following conditions: 0.24 E.U. ml-’ 
arginase extracted from bovine liver, 2.55 E.U. ml - ’ urease, 
8.50 ml working reagent. Total volume of the detection solu- 
tion was 10.0 ml and pH in the reaction medium was 8.5. 

quency-shift (AF) and urea concentration 
(AF= 107.5[Urea] + 3), or a relationship between 
the rate of urea hydrolysis (Q) and urea concen- 
tration (u2 = 60.5[Urea] + 13), where [Urea] is ex- 
pressed in pug ml - ’ , AF in Hz, and v2 in Hz 
min - ‘. The response curve of the SAW enzyme 
sensor system is analogous to that of a normal 
enzyme kinetic reaction [17]. Only about 10 s of 
lag-time was observed in this procedure since the 
concentration of urease was quite large (2.55 E.U. 
ml ~ ’ in 10 ml of test solution). 

4.4. Dependence of lag-time of the coupled 
enzyme reaction on w-ease concentration 

For the arginase-urease coupled reaction, the 
observed reaction rate changes over the time 
course of the experiment. The final steady-state 
rate is achieved after a definite lag-time. Hence it 
is important to calculate or measure the lag-time 
because the observed initial rate does not accu- 
rately reflect the rate of the arginase before a lag 
period has elapsed. Investigations show that the 
observed lag-time (t,,,) depends on the kinetic 
constant of urease-maximum reaction rate of 
urease-which is directly proportional to its con- 
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centration. A short lag-time is desirable since the 
shorter the lag-time, the lower the steady-state 
concentration of urea in the coupled reaction and 
the less substrate is consumed before the steady 
state is observed. At the same time, it is worth 
noting that the shorter the lag-time, the more 
coupled enzyme is required (Table 1). 

The arginase-urease coupled reaction has an 
appreciable lag-time (about 1 min) before the 
steady state is reached. The lag-time depends 
mainly on the concentration of urease. In addi- 
tion, complete mixing of the sample and reagents 
cannot be achieved instantaneously and it may 
take seconds to reach the linear phase. Hence it 
should be possible to choose reaction conditions 
which ensure that the procedure gives a reason- 
able estimation of the initial rate. 

Fig. 5 shows the frequency-shift response of the 
SAW enzyme sensor system to arginine with 
different concentrations of urease. It can be seen 
that the lag-time of the coupled enzyme reaction 
was reduced and the frequency-shift response in- 
creased with increasing urease concentration. The 
experimental and calculated results of lag-time are 
listed in Table 1. The values coincide with each 
other. As can be seen from Table 1, the lag-time 

Table 1 
Comparison between the experimental and theoretical lag-time 
results for the arginase-urease coupled reaction 

Enzyme concentration Lag-time, t,,,, (s) 
(E.U. ml-‘) 

Urease Arginase Experimental 
value” 

Theoretical 
valueb 

0.34 0.15 105.2 _+ 7.5 100.2 
0.85 0.15 54.3 f 5.0 58.5 
1.36 0.15 42.9 + 4.6 42.4 
1.70 0.15 27.4 k 2.9 30.0 
2.55 0.15 11.5k2.5 9.1 
0.85 0.03 45.8 + 4.5 43.4 
0.85 0.09 47.4 + 4.6 44.6 
0.85 0.24 49.5 + 4.4 47.1 
0.85 0.30 40.5 & 4.5 44.0 

a The experimental results were obtained under the conditions: 
1.0 mM Tris-EDTA; pH 8.5; 30°C; 0.50 mM arginine 
standard. 
b Theoretical values were calculated according to Eq. (17) 
where Kr, = I .65 mM, Vn = 6.25 kHz min- ’ and /, = 99%. 

I 1 I I I I I I 
0 2 4 6 6 Ilit 12 

Time (min) 

Fig. 5. Frequency-shift response of SAW enzyme sensor sys- 
tem for different amounts of urease: (1) 3.40; (2) 8.50; (3) 13.6; 
(4) 17.0; (5) 25.5 E.U. in 10 ml test solution. 0.15 E.U. ml-’ 
arginase and 0.50 mM arginine were selected in this procedure. 

of the coupled enzyme reaction was reduced with 
increasing urease concentration. However, the re- 
action rate decreases when the concentration of 
urease added is greater the 1.70 E.U. ml-‘. This 
phenomenon shows that the excess urease has 
been added under these conditions. 

4.5. Dependence of lag-time of the coupled 
enzyme reaction on arginase concentration 

Fig. 6 shows the frequency-shift response of the 
SAW enzyme sensor system to arginine with 
arginase in different concentrations. It can be seen 
that the frequency-shift response, i.e. the reaction 
rate, increases with increase in arginase concentra- 
tion. At the same time, the reaction rate is re- 
duced provided that the concentration of arginase 
is greater than 0.24 E.U. ml - I. This phenomenon 
shows that excess arginase has been added under 
these conditions. However, with the increase in 
arginase concentration, the lag-time of the cou- 
pled enzyme reaction changes only slightly as 
shown in Table 1. According to Eq. (18) the 
lag-time depends only on the values of KB and V, 
if u, c V,. Hence the lag-time will not alter while 
the reaction conditions and the concentration of 
urease are kept constant. The experimental results 
are consistent with the theoretical prediction. 
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Time (min) 

Fig. 6. Frequency-shift response of SAW enzyme sensor sys- 
tem for different amounts of arginase which was extracted 
from bovine liver: (1) 0.30; (2) 0.90; (3) 1.50; (4) 2.40 (5) 3.00 
E.U in 10 ml test solution. 0.85 E.U. ml-’ and 0.50 mM 
arginine were selected in this procedure. 

4.6. Reproducibility 

The reproducibility of the lag-time was exam- 
ined. For 0.85 E.U. ml-’ urease, 0.24 E.U. ml- ’ 
arginase and 0.50 mM arginine, five measure- 
ments gave a relative standard deviation of 8.9%. 
As can be seen in Table 1, the absolute error of the 
lag-time becomes larger with the decrease of the 
lag-time (experimental values of lag-time given in 
this Table are obtained from three measurements). 

In conclusion, the kinetic equations for the 
arginase-urease coupled reaction are derived. The 
theoretical results are verified experimentally. The 
kinetic parameters of the arginase (extracted 
directly form bovine liver) and the lag-time of the 
coupled enzyme reaction have been estimated 
satisfactorily under the theoretical guidelines. 
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Abstract 

A thickness shear mode bulk acoustic wave sensor coated with a thin liquid culture medium film was developed and 
applied to determine the concentration of Proteus mirabilis (P. mirabilis). Experiments demonstrated that there was 
a good linear relationship between the turning point time and the logarithm of the P. mirabilis concentration in the 
range 2.0 x lo*-2.0 x lo6 cells ml-‘. The detection was fast and accurate because of the sharp turning point of the 
response due to the thin culture film on the sensor surface. Other problems concerning the experiments are discussed 
in detail. 

Keywords: Acoustic wave sensor; Thickness shear mode; Thin film; Proteus mirabilis 

1. Introduction 

The successful oscillation of the thickness shear 
mode (TSM) bulk acoustic wave sensor in the 
liquid phase in the 1980s initiated an entirely new 
field of research for the TSM sensor [l-3]. Since 
then, the TSM sensor, as a fast, convenient and 
sensitive analysis tool, has been used more exten- 
sively in various areas, e.g. for determining micro- 
components in solution [4], for determining 
bio-macromolecules [5] and for monitoring blood 
clotting [6]. 

* Corresponding author. 

Recently, research concerning the use of the 
TSM sensor as a powerful tool for the determina- 
tion of bacteria was reported [7,8]. These new 
methods, mainly based on mass or conductivity 
response, are faster and more sensitive compared 
with conventional methods such as the pour plate 
counts (PPC) technique, the most probable num- 
ber technique, and the turbidity method, all of 
which are cumbersome and time-consuming. 
Therefore, these new methods are important in 
practice. However, when the techniques are used, 
the antibodies are usually difficult to acquire in the 
immune methods and in the conductivity response 
methods the accurate determination of frequency 
detection time (FDT) is not easy since the re- 
sponse curve change near the FDT is very slow, 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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so the analysis precision strongly relies on the 
experience of the analysts. In addition, the 
amount of sample needed is considerable. Because 
of the above reasons, it is imperative to develop a 
better method. 

P. mirabilis is Gram-negative, is a member of 
the genus Proteus within the family Enterobacteri- 
aceae, occurs widely in humans, animals and in 
the environment, and can be readily recovered 
from sewage, soil, garden vegetables and many 
other materials. It is often found as a contami- 
nant of shigellae, appears in the stools of patients 
recovering from bacillary dysentery, and occurs as 
a secondary invader in wounds and bedsores. 
Hence the determination of P. mirabilis is of 
practical importance in food hygiene, clinical 
medicine and environmental monitoring. 

Usually, the TSM sensor, as a non-mass sensor, 
can response to viscosity and density changes of 
liquid. Kanzawa and Gordon’s research [9] indi- 
cated that the following equation is effective un- 
der certain experimental conditions: 

AF = - F~‘2(qpL/qqp)1’2 (1) 
where AF is the resonant frequency change of the 
crystal, Fs is the resonant frequency, v is the 
viscosity of the liquid, pL is the density of the 
liquid, p is the shear modulus of quartz, and pa is 
the density of quartz. The detection of P. mirabilis 
with the TSM sensor presented in this paper was 
mainly based on the changes in viscosity and 
density. The response also included mass and 
surface stress effects. When the medium coagu- 
lated, the viscosity and density of the medium 
changed; meanwhile, complicated mass and sur- 
face stress changes took place. After some bacte- 
ria were added and grew in the liquid medium, the 
coagulation character of the medium was 
changed. The change was related to the initial 
bacteria concentration and so the gelation process 
was used to detect the bacteria concentration on 
the coagulation frequency curve, the time at 
which the frequency begins to increase was a 
sharp turning point. It was defined as turning 
point time (TT) and was found to be linearly 
related to the logarithm of the initial concentra- 
tion of bacteria. The TT was very easy to deter- 
mine because of the sharp turning point on the 

response curve. Detection time and amount of 
sample needed were also reduced further. Only a 
micro-medium and less than 4 h detection time 
were needed. 

2. Experimental 

2.1. Stock medium 

The composition of stock medium is as follows: 
beef extract, 1 g; yeast extract, 2 g; peptone, 5.0 g; 
NaCl, 5.0 g; doubly-distilled water, 1000 ml. The 
medium was dispensed into bottles and sterilized 
by autoclaving at 121°C for 15 min. 

2.2. Stock culture 

A 20 ml volume of medium was placed in a 50 
ml sterilized conical vial and four loops of P. 
mirabilis on slant agar were inoculated with an 
inoculating loop. After incubation for 16 h at 
37°C the conical vial was removed from the 
incubator and stored in a refrigerator. The culture 
gave and approximate concentration of 3.1 x 10’ 
cells ml - ’ . 

2.3. Coating solution of medium film 

The composition of incubating medium is as 
follows: beef extract, 1.5 g; peptone, 2.5 g; gelatin, 
0.4 g; doubly-distilled water, 1000 ml. The 
medium was sterilized before use. One aliquot of 
incubating medium and two aliquots of bacteria 
solution were mixed and, after incubation, the 
mixture was coated on the sensor surface and 
then the coagulation process was determined. 

2.4. Incubation of P. mirabilis 

The optimum temperature of a bacterium is 
approximately that of its natural habitat, i.e. 
about 37°C in the case of organisms that are 
parasitic in humans and warm-blooded animals 
[lo], and the majority of commensal and patho- 
genic bacteria grow best in a neutral or very 
slightly alkaline reaction medium (pH 7.2-7.6) 
[lo]. In order to ensure that the P. mirabilis grows 
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well and rapidly, and so as to obtain good reprod- 
ucibility, the incubation was performed under the 
same conditions described in the literature [lo]. 

2.5. Apparatus 

The TSM sensor used was a 9 MHz AT-cut 
quartz crystal (diameter 12.5 mm) with silver elec- 
trodes (diameter 5.5 mm) on both sides. One side 
of the electrode was sealed and the other side was 
coated with liquid film. A thermostat was used to 
control the temperature at 37°C. A Model SC7200 
Isutax universal frequency counter was employed 
to record frequency. 

2.6. Frequency curve measurement 

In a sterilized bottle, two aliquots of bacteria 
solution were added to one aliquot of medium and 
thoroughly mixed. Then, after incubation at 37°C 
for 4 h, the bottle was removed from the incuba- 
tor and stored in a refrigerator. For the detection, 
50 ~1 of mixture was coated on the sensor surface 
and the sensor was then placed in a thermostat 
and the frequency was recorded every 10 min or 
for a shorter time interval near the TT. At the end 
of the experiment it was observed that the film 
coagulated and a flat solid membrane formed. 

2.7. Comparison of TT detection with standard 
PPC technique 

P. mirabilis was inoculated in pure cultures of 
various concentrations and the TTs were deter- 
mined with the TSM sensor. From Eq. (2), which 
will be discussed below, the numbers of cells were 
obtained. At the same time, the same amount of 
P. mirabilis was also measured by the standard 
PPC. 

3. Results and discussion 

3.1. Conditions of determination 

The volume of coating solution was a key factor 
in the coating process of the film. Experimentally, 
50 ,~l was suitable for practical deter- 

minations. Firstly, 30-40 ~1 of solution was 
coated. It was found that the solution was not 
able to spread over the whole sensor surface. 
When 80 ,~l was coated, the solution was arched 
on the sensor surface (that is to say, the solution 
was able to spread over the sensor surface) and 
the film was apparently flat. Thus the reproduci- 
bility of the result was influenced in both cases. 
However, the use of 50 ,~l of solution made it easy 
for the solution to spread over the whole sensor 
surface and the film was not as arched. As a 
result, good reproducibility was obtained and a 50 
,~l volume was employed in the following experi- 
ments. 

The composition of the medium film and the 
temperature and humidity of the coagulating pro- 
cess were related to the coagulation time. 

When 50 ,~l of film, containing one aliquot of 
medium and three aliquots of water was coated on 
the sensor surface no obvious frequency change 
was observed after 6 h and it could be seen that 
the coated film did not coagulate. However, when 
a film with a mixture of one aliquot of medium 
and one aliquot of water was employed, although 
the coagulation time shortened, oscillation of the 
sensor was found to be difficult and so the TT 
could not be determined accurately. This was 
probably because the solid membrane formed at 
the end of the coagulation process was too thick. 
The film with the composition of one aliquot of 
medium and two aliquots of water provided quick 
coagulation and easy oscillation and was therefore 
used in the following experiments. 

In order to study the effect of coagulating tem- 
perature, a mixture of one aliquot of medium and 
two aliquots of bacteria solution was coated on 
the sensor surface and the coagulation process was 
investigated at different temperatures. Results 
shown in Fig. 1 indicate that the increase in 
temperature reduces coagulation time. This may 
be because at higher temperature water in the 
medium is volatilized more rapidly. A coagulation 
temperature of 37°C was chosen because a higher 
temperature made the oscillation of the sensor 
unstable and at a lower temperature the coagula- 
tion time was too prolonged. 

To test the effect of humidity on coagulation, a 
mixture of medium and water was used to observe 
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0 40 20 120 150 2w loo 120 140 160 100 200 

TIME (min) Time (min) 
Fig. 1. Effect of coagulating temperature on detection. Coagu- 
lation of mixture of medium and water: (1) T= 37’C; (2) 
T = 28°C. 

Fig. 3. TT calibration graph for the determination of P. 
mirabilis. 

the coagulation process at different humidities. 
The TT was found to increase with the increase in 
humidity. The reason was that the decrease in 
humidity made the volatilization of water from 
the medium easier and more rapid. Thus the 
coagulation was performed at a relative humidity 
of about 50%. 

3.2. Typical response curve 

Typical response curves are shown in Fig. 2; it 
can be seen that the coagulation process of the 
medium was rather complicated. When no bacte- 
ria were added, the frequency decreased very 
slowly at first, then dropped quickly, and finally, 

1 
I 

0 50 loo 150 zoo 250 

TIME (min) 

Fig. 2. Typical response curves. Initial concentration of P. 
mirabilis (cells ml-‘): (1) 2.0 x 106; (2) 2.0 x IO“; (3) 0. 

after an increase, reached a stable value. The time 
at which the frequency began to increase, i.e. the 
TT, was 132 min. After the growth of bacteria in 
the medium, the gelation curve shape was the 
same but the TT was delayed: the increase in the 
bacteria concentration results in an increase in the 
time delay. As the TT was sharp and the linear 
relationship between the TT and the logarithm of 
the bacteria concentration was good, the TT was 
employed in the practical determinations. 

3.3. Determination of P. mirabilis 

Various concentrations of P. mirabilis were in- 
oculated in the medium and incubated at 37°C for 
4 h, after which the mixture was stored in a 
refrigerator. When P. mirabilis was detected, it 
was coated on the TSM sensor and the frequency 
was recorded at different time intervals. Fre- 
quency curves were constructed and the TTs were 
measured, then a calibration graph of TT vs. 
logarithm of P. mirabilis concentration was con- 
structed. The results (Fig. 3) showed that the TT 
was linearly related to the logarithm of the initial 
concentration (C) of the P. mirabilis, with C in 
the range of 2.0 x 102-2.0 x lo6 cells ml-‘. The 
regression equation is 

log C = 0.07 (TT) - 7.62 (2) 

where C is the initial concentration of P. mirabilis 
in cell ml -’ and TT is the turning point time in 
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Comparison of the bacteria concentration predicted by the TT tehcnique with that obtained from the PPC method 

No. Concentration predicted 
by TT method 
(cells ml- ‘) 

Logarithm of predicted 
value 

Concentration obtained 
from PPC method 
(CFUb ml-‘) 

Logarithm of pour 
plate value 

1 2.7x IO* 2.43 3.0x 102 2.48 
2 7.5 x IO’ 3.88 3.7x I03 3.57 
3 3.3 x I03 3.52 3.8 x IO3 3.58 
4 3.9x 104 4.59 4.3 x I04 4.63 

5 3.7 x 105 5.57 1.8 x IO5 5.26 

6 5.1 x 105 5.71 5.8 x IO5 5.76 
7 1.2 x 106 6.08 2.3 x IO6 6.36 

a Calculated by Eq. (2). 
b CFU = colony forming units. 

min; the correlation coefficient is 0.96 (n = 5). 
Hence, if the TT is determined the concentra- 
tion of P. mirabilis can be calculated according 
to Eq. (2). 

The standard error of the regressioin line is 
s = 0.525. 

log C= 0.07 (TT) - 6.57 (3) 

log C = 0.07 (TT) - 8.67 (4) 

The area between the two lines plotted from 
Eqs. (3) and (4) is the 95% confidence range. 

The concentration of the stock culture bacte- 
ria solution of P. mirabilis was obtained by the 
PPC technique. The solutions used in the deter- 
mination were obtained by a series dilution of 
the stock culture solution. Therefore, the initial 
concentrations of the series bacteria solutions 
were calculated according to the dilution. 

3.4. Comparison of the TT technique with the 
PPC method 

The proposed method was compared with the 
conventional PPC method for determining P. 
mirabilis. The results are given in Table 1. It 
can be seen that all the PPC values fall inside 
the 95% confidence area of the TT predicted 
concentrations. Therefore it can be concluded 
that the TT method agrees well with the PPC 
technique. 

3.5. Two further response parameters 

After a thorough investigation of the response 
curve, two further response curve parameters were 
found to be related to the initial concentration of 
P. mirabilis. As shown in Fig. 2, after a horizontal 
portion of the curve, the frequency decreased very 
slowly at first, then dropped quickly, and finally, 
after an increase, reached a stable value. The time 
at which the frequency begins to decrease was 
defined as the decrease time (DT) and was found 
to be delayed when the concentration of P. 
mirabilis rose. There was a linear relationship 
between the DT and the logarithm of the P. 
mirabifis concentration (Fig. 4). The regression 
equation is as follows: 

7, I 

1"""""' 
loo 120 140 180 la0 200 

Tim (min) 

Fig. 4. DT calibration graph for the determination of P. 
mirabilis. 
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Fig. 5. Relationship between the increase in the slope of 
frequency and the logarithm of the P. mirabilis concentration. 

log C= 0.05 (DT) - 3.19 (5) 

where C is the same as in Eq. (2) and DT is the 
time at which the frequency begins to decrease 
(min). The correlation coefficient is 0.97 (n = 5). 

The slope of the increase of the frequency after 
the TT of the curve was also related to the initial 
P. mirabilis concentration. With the increase in 
the P. mirabilis concentration, the slope of the 
frequency increase was found to become more 
steep (Fig. 5). 

The precision of the DT and TT methods when 
determining P. mirabilis was approximately the 
same and so both methods could be used for the 
quantitative detection of P. mirabilis. However, 
the DT was not so obvious on the frequency 
curve compared with the TT and thus was not so 
easy to determine. As for the slope of the increase 
in the frequency after the TT on the curve, the 
relationship between the slope and the logarithm 
of the P. mirabilis concentration was complicated. 
Therefore, the TT was preferred for quantitative 
detection in these experiments when considering 
its ease of determination and the simplicity of its 
relationship with the logarithm of the P. mirabilis 
concentration. 

In conclusion, this method employed the evi- 
dent coagulation process of the medium to detect 
microorganisms indirectly. The TT used for quan- 
titative determination was easy to determine be- 
cause of the sharp turning point of the response 
curve and was in good linear relationship with the 
logarithm of the bacteria concentration. This 
method is rapid and simple with high sensitivity, 
and only a micro-sample is needed. It can be used 
to determine the concentration of bacteria, to 
study the coagulation process of biomolecules and 
the influence of microorganisms on biomolecules. 
It can also be used in bacteria growth monitoring. 
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Abstract 

A newly developed fiber-optic-based trichloroethylene (TCE) sensor previously described [F.P. Milanovich, S.B. 
Brown, B.W. Colston, Jr., P.F. Daley and K. Langry, Talanta, 41 (1994) 21891, was used to provide analyses of TCE 
in laboratory tests of retardation of TCE in ground water. The sensor enabled inexpensive real time analyses of TCE 
in retardation tests conducted in a sand-filled flow-through column. The simultaneous data analysis of TCE, “0 and 
Cl- breakthrough curves enabled the calculation of an estimated retardation coefficient which was found to be in 
good agreement with that predicted by the octanol/water partitioning Kd method. The fiber-optic sensor was 
demonstrated to be a fast and reliable method for conducting on-line laboratory analyses of TCE at the parts per 
billion level in a small volume of contaminated water, thus providing excellent temporal resolution of the data as well 
as minimizing volatile losses during sample collection and analysis. 

Keywords: Fiber-optic sensor; Trichloroethylene; Retardation; Ground water analysis 

1. Introduction 

Throughout the world, major economic and 
public health decisions are being made in the 
investigation and attempted cleanup of aquifers 
contaminated by volatile organic compounds 
(VOCs), many of which are classified as probable 
human carcinogens, such as trichloroethylene 

prediction of contaminant movement in aquifers 
is often required. The analysis of contaminant 
transport in ground water is very sensitive to the 
retardation factor, i.e. the relationship of the lin- 
ear velocity of the ground water to the linear 
velocity of the contaminant. The retardation fac- 
tor (R) for a ground water contaminant is calcu- 
lated by [2] 

(TCE). 
In addition to the determination of the extent 

R = Vw,’ Vc = 1 + h’n )(&) (1) 
and degree of ground water contamination, the 

*Corresponding author. 

where VW is the velocity of the ground water, V, is 
the velocity of the contaminant, pb is the bulk 
density of the porous medium, n is the porosity of 

0039-9140/96/%15.00 Q 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01797-6 
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the porous medium, and Kd is the distribution 
coefficient. 

Of the variables in Eq. (1) K,, is the most 
difficult to measure in permeable unconsolidated 
sediments. In addition, Kd is also sensitive to the 
amount of organic carbon present in the sedi- 
ment. Schwarzenbach and Westall [3] have pro- 
posed 0.1% organic carbon as the lower limit for 
sorption of VOCs to be dominated by the organic 
carbon. Above this limit, a number of researchers 
have presented methods for estimating Kd values 
based upon the amount of organic carbon present 
in the sediments and the octanol/water partition- 
ing coefficient of the VOC of concern. Several of 
these methods have been presented and compared 
by Domenico and Schwartz [4]. Using a series of 
laboratory batch K,, experiments, Piwoni and 
Banerjee [5] proposed a method for estimating Kd 
values of VOCs, in low organic carbon ( < 0.1%) 
sediments, that they claim should be accurate 
within a factor of two or three: 

log Kd = 1.01 log K,, - 3.46 (2) 

where K,, is the octanol/water partition co- 
efficient. Applying the values of K,, for TCE taken 
from Schwarzenbach and Giger [6] to Eq. (2) 
provided an estimated Kd for TCE of 0.07 ml g- l. 

Laboratory batch Kd tests are commonly con- 
ducted by immersing a small amount of solid 
material in water containing the contaminant. The 
mixture is then agitated for a specified period of 
time, the solid removed, and the remaining water 
analyzed. The difference between the original con- 
centration in the water and the concentration at 
the end of the test is assumed to be the amount 
retained by the solid. Because of the sample dis- 
turbance in the laboratory batch Kd experiments, 
the resulting Kd value does not account for the 
retardation mechanisms that are inherent in 
undisturbed sediments. 

Among the mechanisms which contribute to 
apparent retardation are (not in order of priority): 
adsorption to the surfaces of inorganic materials; 
hydrodynamic dispersion; biotic and/or abiotic 
degradation; partitioning to organic carbon; diffu- 
sion into, and entrapment/retention in, con- 
stricted or dead-end pores; and diffusion into 
relatively immobile waters in lenses of finer- 

grained materials. For some of these mechanisms 
we can assume instantaneous local equilibrium, 
some are destructive of the VOCs, and some are 
rate-limited. A retardation experiment using a 
column packed to approximate aquifer conditions 
can measure the sum of many of these retardation 
mechanisms, hereafter referred to as sorption. The 
experiments described here are the initial efforts in 
a longer term research project designed to evalu- 
ate the relative contributions of the various retar- 
dation mechanisms. 

Fundamental to the investigation and remedia- 
tion planning for VOCs is the ability to perform 
accurate and precise chemical analyses. To 
provide rapid and inexpensive TCE analyses a 
fiber-optic-based TCE sensor was designed and 
developed at Lawrence Livermore National Labo- 
ratory (LLNL) [1,7-91. This paper reports on the 
laboratory utilization of this newly developed 
fiber-optic-based sensor to provide real time 
analyses of TCE in retardation tests conducted in 
a flow-through column. These column experi- 
ments were conducted at low flow rates designed 
to approximate ground water flow velocities. As a 
result, samples for TCE analysis had to be col- 
lected over a relatively long period of time, at 
atmospheric pressure, during which they were 
subject to volatile losses. The volatile losses could 
be minimized by the collection of the smallest 
possible sample over the shortest time period. In 
addition, greater temporal resolution of the data 
would be achieved by taking the smallest possible 
sample. The fiber-optic-based sensor allowed im- 
mediate analysis of a 7.5 ml sample with accept- 
able precision at concentration levels of 10 parts 
per billion or less. 

2. Methods 

2. I. Fiber-optic TCE analytical technique 

The TCE analyses were conducted using a 
fiber-optic-based sensor where the concentration 
of TCE is determined by the rate of change of 560 
nm light absorption, in basic pyridine reagent. 
This reagent develops a red color by reacting with 
TCE [1,7-91. 
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When the sensor is placed in a vapor stream uniform contact of the contaminated water with 
containing the contaminant, or in the headspace the sediment and to minimize preferential flow 
of a water sample, as is the case in this experi- through the sediments or along the boundaries of 
ment, the contaminant diffuses through a semi- the column. In addition, the sediment was to be 
permeable membrane tubing, contacts the compacted to approximate field conditions. An- 
reagent, and produces the colored product. The other design constraint of the column was to 
onset of the color change is monitored remotely minimize contaminant adsorption on the column 
with optical fibers. construction materials. 

When the analysis begins, the computer at- 
tached to the control center of the system moni- 
tors the rate of change of light absorption, caused 
by the color production in the reagent. The rate 
of the color reaction is proportional to the con- 
centration of the contaminant in the sample. The 
sensor itself is constructed from porous mem- 
brane tubing, which holds the reagent during the 
analysis [l]. The instrument is also equipped with 
syringe pumps for the reagent feed and reagent 
waste. When the analysis is complete, the com- 
puter controls the injection of new reagent into 
the sensor and the evacuation of the old, colored 
reagent. The sensor is then ready for the next 
analysis. 

The daily calibration of the sensor, for this 
experiment, was accomplished by the analysis of 
standard solutions of TCE, prepared by dilution, 
at concentrations of 25 ppb, 100 ppb, 250 ppb, 
and 500 ppb. The light absorbance curves were 
plotted against the concentrations and the linear 
regression was calculated. The resulting linear re- 
lationships had correlation coefficients (r2) that 
commonly varied between 0.97 and 0.99. All cali- 
bration and experimental analyses were conducted 
in vials containing 7.5 ml of sample with 7.5 ml of 
headspace. The estimated analytical error of this 
new methodology, in the 25-500 ppb range, is 
100/o [lo]. Comparisons of TCE analytical results 
from a series of ground water samples using the 
fiber-optic-based sensor and purge and trap gas 
chromatography are included in Ref. [9]. 

To meet these design criteria, the column was 
constructed entirely of Teflon. The Teflon serves 
two important purposes: (1) many contaminants 
are minimally sorbed to Teflon [l 11; and (2) under 
the compacting forces on the sediments, the sedi- 
ment grains are forced into the softer Teflon, 
thereby minimizing the possibility of preferential 
flow along the walls of the column. The only 
exception to the Teflon materials is a 230 pm pore 
size nylon membrane placed at either end of the 
sediment ot help retain the sand (Fig. 1). A Teflon 
screen extends beyond the threads of the end-cap 
to allow the application of mechanical pressure to 
the sediments to assist in compaction. The nomi- 
nal outside dimensions of the column are 6.75 cm 
in diameter and 15 cm in length and the nominal 
dimensions of the sediment chamber are 5 cm in 
diameter and 9.5 cm in length. 

The distribution of the influent and effluent 
flows is through three ports equally spaced 120” 
apart at either end of the column (Fig. 1). Imme- 
diately inside the column is a void mixing space 
followed by a Teflon screen with 39 equally 
spaced 3 mm diameter holes. 

2.2. The experimental column 

A sand-filled column was designed to perform 
retardation tests on geological materials. Since the 
tests were to be evaluated based on the retarda- 
tion of the contaminant through the column, the 
column was designed to approach complete and 

The sediment used in the column was designed 
to approximate a low organic carbon ( < O.l%), 
fine-to medium-grained sand of known grain-size 
distribution. To achieve this, the sand was acid- 
washed and sieved into three fractions. The first 
fraction passed a 1000 pm sieve and was retained 
on a 500 pm sieve, the second was retained on a 
250 pm sieve and the third on a 125pm sieve. The 
three fractions were then recombined in equal 
parts by weight and homogenized. The homoge- 
nization process consisted of combining the three 
fractions, splitting the result into another three 
fractions, and recombining. This process was re- 
peated until there was no visible sorting of the 
different grain sizes. 
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Void mixing space 

230 pm pore-size 
nylon membrane 

L Sand filling 
1 Teflon63 column 

Fig. 1. Diagram of the construction features of the influent end of the sand-filled column. The effluent end of the column (not 
shown) is similar to the influent end without the threaded end-cap. 

After the sand was poured and compacted, the 
column was saturated by slowly applying water 
from the bottom up. Water was then drawn 
through the column using a vacuum system which 
also helped to remove any entrained air bubbles. 
To ensure that the column met its design require- 
ments, flow tests were evaluated using magnetic 
resonance imaging (MRI) [ 121. 

The bulk density and porosity of the sand were 
determined gravimetrically and the hydraulic con- 
ductivity was measured with a constant head flow 
test. The bulk density of the column was found to 
be 1.84 g cm - 3 and the porosity 0.27. The hy- 
draulic conductivity was 2.1 x 10 - 2 cm s - I. 

2.3. Retardation test procedures 

The contaminant used in the experiments was 
TCE dissolved in water. Conservative tracers (Cl- 
and 180-depleted water) were also added to the 
solution. The velocities of the advective fronts for 
the TCE and the tracer were calculated from the 
breakthrough curves and retardation and distri- 
bution coefficients were determined from Eq. (1). 

The experimental set-up is illustrated in Fig. 2. 
The influent water was made up in a 500 ml glass 
volumetric flask and was drawn into the syringe 
pump through a Y valve through PVC tubing. 
The Y valve was then turned such that the syringe 

pump would pump the water to the column at 30 
ml h - ‘. Ahead of the column was a glass tee with 
a valve which allowed the collection and release of 
any air bubbles prior to the flow entering the 
column. This device was utilized only during the 
initial filling of the distribution system, since the 
syringe pump produced no bubbles. The column 
was held in a vertical position and the TCE-bear- 
ing water was introduced from the bottom up to 
avoid any buoyancy-induced fingering of the con- 
taminant. The effluent from the column was then 
directed by a Y valve to one of two sample 
collection cells, When the cell had received 7.5 ml 
of effluent (after 15 min of operation) the flow 
was switched to the second cell and the fiber-optic 
TCE sensor was inserted into the first cell. Fol- 
lowing the analyses for TCE, the effluent was 
poured from the cell into a sample collection vial 
for analysis of the conservative tracer. The proce- 
dure was then repeated for the second cell. 

2.3.1. Experiment 1 
In the first experiment a solution of 136 ppm 

NaCl and 500 ppb TCE was delivered to the 
column, which was saturated with deionized wa- 
ter. Each sample was analyzed for TCE using the 
fiber-optic-based sensor, as soon as it was col- 
lected, and was then stored for later chloride 
analysis by high performance liquid chromatogra- 
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Fig. 2. Schematic diagram of the sand-filled column experiment apparatus used to measure retardation and to estimte the Kd value 
of TCE in an acid-washed sand. 

phy (HPLC) with a precision of 4%. The experi- 
ment was terminated after 500 min. 

influent water was replaced with distilled water 
with no detectable TCE, a chloride concentration 
of less than 10 ppm, and a 6180 content of - 4%0. 
At this point, the column was inverted such that 
the influent entered the column at the top and 
moved to the bottom, to minimize buoyancy-in- 
duced fingering. The collected samples were ana- 
lyzed for TCE and for chloride, as in experiment 
1, and for ‘*O by mass spectrometry with a preci- 
sion of 0.2%0. 

2.3.2. Experiment 2 
The procedures for the second experiment were 

essentially the same as the first with the following 
exceptions. The influent water contained 500 ppb 
TCE, 128.5 ppm chloride and was made up with 
“O-depleted water (6 = 60%). When the concen- 
tration of TCE appeared to begin to level off, the 
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Fig. 3. TCE and chloride breakthrough curves from the first TCE sorption experiment. Application of Eq. (2) yields an R value of 

0.6 

0.4 

1.34 and a Kd value of 0.05 ml g-l. 

During the course of this experiment the influent 
water was sampled and analyzed for TCE period- 
ically. Some TCE was lost to volatilization during 
the experiment, and the value of the concentration 
of the influent was corrected accordingly. 

3. Results and discussion 

Most contaminant transport models assume 
that sorption is an equilibrium process. However, 
over the past decade, work on VOC plumes ap- 
pears to indicate that sorption is a slow process, 
most notably in low organic carbon sediments, 
and that the kinetics and rates of VOC sorption/ 
desorption remain poorly understood. At the Bor- 
den aquifer, monitoring of an injected VOC 
plume indicated that sorption was continuing to 
increase even 2 years after the experiment com- 

menced [ 131. In addition, in studies with field 
columns (columns pushed into sediment at the 
bottom of an augured hole and studied in place) 
at the same site, retardation coefficients varied 
inversely with the average pore water velocities 
indicating non-equilibrium transport conditions 
[14]. Knox et al. [15] discussed the differences in 
sorption rates between sediments which contain 
organic carbon (fast sorption) and those which do 
not (slow sorption). Since the sands in this 
column were acid-washed, resulting in low or- 
ganic carbon content, we anticipated slow sorp- 
tion. 

In estimating the velocity differences of the 
water and of the contaminant, in this experiment 
we used the common convention [4] of selecting 
C/C, = 0.5 as the arrival of the advective front, 
where C = the concentration of the solute at time 
1, and C, = the concentration of the solute in the 
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Fig. 4. TCE, chloride, and “0 breakthrough curves from the second TCE sorption experiment. Application of Eq. (2) yields an R 
value of 1.72 and a Kd value of 0. I1 ml g- ‘. At approximately I = 668 min, the influent water was replaced with distilled water. 

influent. In both experiments (Figs. 3 and 4) it is 
apparent that sorption was continuing to occur, 
although at a decreasing rate, at the time that we 
terminated the injection of the TCE-containing 
influent. Although sorption is continuing to take 
place, at a rapidly decreasing rate, behind the 
advective front, this sorption does not have a 
significant effect on the velocity of the leading 
edge of the plume. 

3.1. Experiment 1 

Prior to the experiment, several hundred pore 
volumes of deionized water were slowly pumped 
through the column in an effort to ensure that no 
TCE was present at the start of the test. The 
breakthrough curves for this experiment are 
shown in Fig. 3. The initial analyses for TCE 
indicated that there was a small amount of TCE, 
approximately 20 ppb, present in the column at 
the beginning of the experiment. This TCE may 

be residual TCE sorbed to the sand in the column 
from preliminary tests. About 120 min into the 
experiment, the TCE analyses indicated the begin- 
ning of a steady rise in concentrations until ap- 
proximately 350 min. At that time, the rate 
of increase of the TCE concentrations began to 
decrease. 

The analyses for chloride in the early portion of 
the experiment were erratic, possibly the result of 
analytical error or inadequate flushing of the 
column prior to the experiment. However, these 
results were followed by a smooth steady increase 
in concentration until the analyses leveled off near 
the C/C, ratio of 1.0. 

The retardation and Kd value for the TCE in 
this low organic carbon sand was calculated using 
Eq. (1). The resulting retardation was 1.34 and Kd 
was 0.05 ml g- I. This Kd value agrees closely with 
the value of 0.07 ml g- ’ determined by the Pi- 
woni and Banerjee method [5] with a log K,, 
value for TCE of 2.29 [6]. 
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3.2. Experiment 2 

Prior to conducting the second experiment, the 
column was rapidly flushed with several hundred 
pore volumes of hot tap water followed by sev- 
eral hundred pore volumes of deionized water to 
ensure the removal of the residual contaminants 
seen in experiment 1. Following the flushing, the 
initial TCE analyses indicated no TCE and the 
chloride analyses were low and steady, support- 
ing the hypothesis that the variations seen in the 
early parts of the first experiment were the result 
of inadequate flushing prior to beginning the test. 
As in the first experiment, the breakthrough 
curves were smooth and steady for all three trac- 
ers, and as the concentrations for each con- 
stituent approached a C/C, ratio of 1.0, they 
became more variable (Fig. 4). 

At times 428 min, 593 min, and 668 min the 
feed water was analyzed for TCE. The sample at 
668 min was taken as the feed water was switched 
to deionized water. These analyses indicated a 
steady loss of TCE throughout the experiment. 
To prepare the plot for TCE shown in Fig. 4, the 
volatile loss was assumed to be linear between 
analyses and the C, value was corrected for each 
syringe filling, since the volatile loss must have 
taken place in the feed water flask, and no appre- 
ciable further volatilization would have occurred 
after the water was drawn into the syringe. It is 
worthwhile noting that the volatilization that oc- 
curred in the first 300 min is relatively minor, i.e. 
less than IO%, and is within the range of analyti- 
cal error. In future experiments with influent-con- 
taining volatile compounds, a collapsible bag as 
an influent supply reservoir, such as that used by 
Szecsody and Bales [16], or simultaneous injec- 
tion of water and the VOC as described by Prid- 
dle and Jackson [17] would be preferable, to help 
reduce volatile loss. 

The retardation and Kd value were calculated 
as in the first experiment. In this case, the retar- 
dation was 1.72 and the Kd value was 0.11 ml 
g - ‘. This value is also similar to the value of 
0.07 ml gg ’ given by the Piwoni and Banerjee 
method [5]. 

The increased variability in concentrations near 
the top of the breakthrough curves for each of 

the constituents in the two experiments may be 
the result of the small scale heterogeneities in the 
sand seen in the MRI experiments [12]. 

Although sorption was continuing to take 
place, the feed water was switched to deionized 
water at 668 min to accommodate the time con- 
straints of the experiment. The chloride break- 
through curve for the deionized water is a mirror 
image of the steep chloride and 180 breakthrough 
curves for the contaminated feed water, while the 
TCE curve starts off steep and then begins to 
level off at a C/C, ratio of 0.3. 

4. Conclusion 

The fiber-optic-based TCE sensor developed at 
LLNL shows promise as an inexpensive rapid 
method for conducting TCE analyses in the field 
as well as in the laboratory. In this experiment, 
it enabled real time accurate analysis of TCE in 
tests conducted in a sand-filled flow-through 
column and was sufficiently sensitive to detect 
residual parts per billion TCE contamination in 
the column at the beginning of experiment 1. 

The sensor is capable of accurate analysis of 
samples as small as 7.5 ml, which increased the 
temporal resolution of the data and minimized 
volatile losses. In addition, the real time analyses 
provided the opportunity to make adjustments 
in the experiment once it was underway. 

This study used the sensor to examine the re- 
tardation of the leading edge of a relatively low 
concentration TCE plume in a low organic car- 
bon fine- to medium-grained sand. The experi- 
ment is part of a longer term research project 
designed to study the relative contributions of 
the various mechanisms that result in apparent 
retardation of VOCs in ground water. On- 
line laboratory studies of contaminant retarda- 
tion may be of major importance in planning 
and predicting the restoration of contaminated 
ground water. The use of the sensor in further 
experiments of this type may help to advance 
our understanding of TCE behaviour in 
ground water, and to inspire new cleanup tech- 
nologies. 
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1. Introduction 

Recently, there has been increasing interest in 
the application of piezoelectric sensors in solution 
chemistry [l-3]. In most of the applications, a 
piezoelectric sensor is used as a microbalance due 
to its high sensitivity to the mass change on the 
surface of the quartz crystal [4]. Besides the mass 
effect, applications based on the response modes 
in viscosity [5,6], conductivity [7,8] and permittiv- 
ity [9] were reported. 

To improve the stability and selectivity of the 
frequency response of piezoelectric sensors in the 
liquid phase, a type of series piezoelectric quartz 
crystal (SPQC) was reported recently [lo-121. It 
was shown that the SPQC possesses a selective 
frequency response to permittivity and conductiv- 
ity with excellent frequency stability 113,141. In 
this paper, the detection limit of the SPQC to 
conductivity is reported. 

* Corresponding author. 

2. Experimental 

2.1. Apparatus and reagents 

The construction of the SPQC was described in 
detail previously [10,12]. The appartus used was 
the same as that in Ref. [lo]. Analytical reagent 
grade chemicals and doubly-distilled water were 
used throughout. 

2.2. Procedure for measurements 

Before the experiment, 30 min was required to 
allow the oscillator to stabilize. Then a KC1 
solution of known conductivity was introduced 
into the detection cell. A stable oscillating fre- 
quency of the SPQC was recorded with a time 
window of 10 s. The average value of 30 oscillat- 
ing frequencies in 5 min was recorded as the 
oscillating frequency; the standard deviation of 
the 30 oscillating frequencies was taken as the 
noise level. 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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3. Results and discussion 

Generally, the detection ability of a chemical 
sensor is described by its detection limit, which is 
determined by the signal-to-noise ratio. For a 
change in conductivity (Ax) due to the analyte 
concentration, the frequency shift signal in 
the SPQC, AFsignal, can be estimated as AFsigna, = 
IS, . AxI, where S, is the sensitivity to conductivity 
(x). By using the S, values measured experimen- 
tally, the AJ;,ignal values with Ax = low4 S m- ’ 
are depicted in Fig. 1. It can be seen that the 
A~~ignal values decrease with increasing cell con- 
stant and depend greatly on the background con- 
ductivity. In a solution of medium conductivity, 
there is a maximum of AFslgnal. 

If only AFsignal is considered, it seems that the 
detection ability of the SPQC can be improved by 
using a smaller cell constant. Detection ability in 
solutions of medium conductivity is better than 
that in low conductivity solutions. This statement 
is somewhat questionable, because the detection 
ability of a sensor depends not only on the signal 
but also on its noise level. 

Fig. 2 shows the standard deviations of 30 
oscillating frequencies recorded in KC 1 solutions, 
which are used as the noise level of the SPQC, 
AF,,,i,,. Fig. 2 reveals that AF,,i, is also related 

1: k=1.01 cm 

2: k=2.5fi cm 

3: k=A.Ei cm 

10" 10-s 10-a 10-l 100 

i’onduct.irit?- (S.rn-l) 

Fig. 1. Theoretical dependence of AFs,p,,, on background 
conductivity; Ax = 10 m-4 S m - ‘. 

10-4 10-s lo-* 10-l lo* 

Conductivity (S-m-tj 

Fig. 2. Dependence of AFnoire on background conductivity. 

significantly to the background conductivity. In 
addition, AI;,,;, decreases with increasing cell 
constant. This result can be explained as follows. 

In the SPQC, the noise level may be expressed 
as 

AFno,,e = (AF:,, + AF:,, + AFf,,,)“* 

where AF,,, = dF/dt -At is the solution tempera- 
ture noise, dF/dt is the frequency-temperature 
coefficient of the SPQC [lo], and At is the varia- 
tion in solution temperature. AF,,, “N 106Q - 2 is 
the noise level of the oscillator, where e is the 
quality factor of the SPQC [14]. AF,,, is the noise 
level of the frequency counter, its typical value 
being less than 0.1 Hz. 

Under general experimental conditions, the so- 
lution temperature can be controlled within 
f 0.1 “C. According to the frequency- tempera- 
ture coefficient of the SPQC discussed in detail 
previously [lo], the AFnoise values arise mainly 
from AFt:,,,, except in the case of i?F/c?t z 0. Com- 
paring the AF”oise value with the frequency-tem- 
perature coefficient, the variation in solution 
temperature is about f 0.04”C during the mea- 
surement time under our experimental conditions. 

In solutions of low conductivity, AF,,, N” 0, as 
the SPQC has a much greater e value [14]. With 
increasing conductivity, the c?F/dt value decreases 
[lo], and hence a decrease in AFnoise is obtained. 
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Fig. 3. Dependence of signal-to-noise ratio (A, = 10e4 S 
m- ‘) and detection limit to conductivity on background 
conductivity. 

The AF”oise value reaches its minimum in solution 
with x=:4x 10d3 S m-‘, where dF/BtxO, and 
the value of AF,oise is close to AFi,,. 

In a solution of medium conductivity, AFnoise 
has a maximum that corresponds to the maximum 
frequency-temperature coefficient. In the solution 
with x z 8 x lo-* S m-‘, there is a second mini- 
mum for AFnoise, where aF/& N” 0 again. As dis- 
cussed previously [14], the Q values of the SPQC 
decrease significantly in medium conductivity so- 
lutions, and so AF,,i,, is determined mainly by 
AFOx here. 

With increasing background conductivity in 
highly conductive solutions, the dF/at value de- 
creases, and hence a decrease in AF”oise is ob- 
served again as AFosc z 0. 

Using the values of AFsigna, and AF,,,,,, the 
signal-to-noise ratio (S/N) of the SPQC is illus- 
trated in Fig. 3. As the S/N values depend only 
slightly on the cell constant, for clarity only the 
results in the SPQC with a cell constant of 1.04 
cm are shown. With S/N = 2, the detection limit 
(DL) to conductivity is also shown in Fig. 3. 
It can be seen that the S/N and DL values 
are significantly dependent on the background 
conductivity. 

In low conductivity solutions, the AFs,gna, values 
are nearly constant, while the AF”oise values de- 

crease with increasing background conductivity. 
As a result, S/N increases and DL decreases with 
increasing background conductivity. The lowest 
DL value can be obtained in the solution with 
AF,em z 0. As the background conductivity con- 
tinues to grow, AFsignal and AFnoise increase. Be- 
cause the increase in AFnoise is more rapid than 
that in AFsignal, S/N decreases and DL increases 
with increasing background conductivity in 
medium conductivity solutions. The minimum S/ 
N value corresponds to the point where S, z 0. 

With increasing background conductivity in 
high conductivity solutions, AFnoise and AFsjgnal 
decrease. The decrease in AFsignal is more obvious 
than that in AFnoise. Consequently, S/N decreases 
and DL increases as background conductivity 
increases. 

4. Conlcusions 

The noise level of the SPQC in electrolyte solu- 
tions arises mainly from the variation in solution 
temperature. The detection limit to conductivity is 
not influenced by the cell constant, but it depends 
significantly on the background conductivity. The 
detection limit in solutions of low background 
conductivity is much lower than that in medium 
conductivity solution, despite a higher sensitivity 
in the latter. 
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Abstract 

A non-linear regression model was derived for the simultaneous determination of the rate constant in alkaline 
hydrolysis of esters and the initial concentration of esters based on the linear relationship between the frequency 
response of the surface acoustic wave sensor system and the conductivity of the solution. The model was tested 
theoretically and experimentally with the methyl-. ethyl-, and n-propyl-acetate systems. The corresponding rate 
constants estimated at 25°C are 0.147, 0.103 and 0.0671 respectively. 

Keywords: Nonlinear regression model: Kinetic studies; Ester hydrolysis; Surface acoustic wave sensor 

1. Introduction 

Surface acoustic wave (SAW) devices are very 
sensitive chemical sensors and considerable atten- 
tion has been devoted to them [l-4]. SAW 
devices are most frequently used for the determi- 
nation of low concentrations of species in the gas 
phase [5,6]. Although the application of SAW 
devices to liquid systems is of interest, many 
problems exist owing to the large energy loss in 
the propagation of the Rayleigh wave [7] when 
the SAW sensors are immersed in liquid. 

By combining conductive electrodes with a 
SAW device, a new SAW sensor system for liq- 

* Corresponding author 

uids was proposed by Yao et al. [S]. This SAW 
sensor system is very sensitive to the physical 
properties of the solution that will cause varia- 
tions in the loop parameters in the oscillation 
circuit, such as conductivity and permittivity. Un- 
der certain experimental conditions, there exists a 
linear relation between the frequency response of 
the SAW device and the conductivity of the solu- 
tion studied [8]. Compared to the normal conduc- 
tivity method, the sensitivity is improved by 
employing a SAW device and the polarization 
potential that seriously affects normal conductiv- 
ity measurements in a high background conduc- 
tance solution does not exist owing to the high 
oscillation frequency of the SAW devices. As the 
SAW device is not in contact with the solution, 
the frequency stability of the sensor system is 

0039-9140/96~$15.00 @ 1996 Elsevier Science B.V. All rights reserved 
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much better than that of normal SAW sensors 
operated directly in the analyte vapor or gas. 
where a large amount of energy dissipates from 
the SAW surfaces to polymer coatings. Some 
applications of the modified SAW sensor system 
have been reported [9,10]. 

The study of reaction mechanisms is important 
and usually involves a kinetic investigation of the 
factors that influence the rate of reaction. Such 
investigations have often been undertaken using a 
linear method of data analysis (e.g. a pseudo-first- 
order approach). Since only a small amount of 
information from the response curves is used, the 
precision relies strongly on the experience of the 
analyst and the experimental conditions. In con- 
trast, regression analysis makes full use of infor- 
mation from the entire response curve. so that 
more parameters can be determined simulta- 
neously and the precision is higher than using 
linearisation. For nonlinear least-square prob- 
lems, the Levenberg- Marquardt - Fletcher (LMF) 
algorithm [l 11, a modification of the Levenberg-- 
Marquardt (LM) method [12], is believed to be 
one of the most powerful methods. Owing to a 
powerful combination of the Steepest Descent 
algorithm and the Newton-Gauss algorithm and 
adjustment of the Marquardt parameter based on 
the ratio of the practical decrease of the residual 
sum of the squares, Q,S, to its decrease expected 
when QS is assumed to be a quadratic function, 
the LMF algorithm can rapidly converge to the 
minimum without good initial estimates of the 
parameters. Several applications of the LM al- 
gorithm have been reported [I 3,141 and a few 
reports have been published on the application of 
the LMF algorithm in chemistry. 

The purpose of this work was to derive a 
nonlinear regression model for the simultaneous 
determination of the hydrolysis rate constant of 
ester in basic solution and its initial concentra- 
tion, based on the linear relationship between the 
frequency shifts of the SAW sensor and the con- 
ductivity of the solution to be studied. The sys- 
tems methyl-, ethyl- and n-propyl-acetate were 
investigated with the model. The rate constants, 
concentrations, and system parameters have been 
determined simultaneously. 

2. Theory 

The alkaline hydrolysis of esters is a second-or- 
der reaction [ 151 expressed as Eq. (1) and the rate 
equation is expressed as 

CH,COOR + OH $ CH,COO + ROH (1) 

dC,:‘dt = k(C, - C,)(C,,, ) (2) 

where C,, denotes the initial concentration of es- 
ter, C, is the concentration of hydrolyzed ester at 
time t and k is the rate constant. 

In alkaline solution the dissociation of acetic 
acid is almost complete, the presence of HAc can 
be neglected (this assumption is reasonable for an 
acid whose dissociation constant is greater than 
10 -‘), and the concentration of H + is far less 
than that of OH .Then: 

c,,, = c, - c, (3) 

c,, = c, (4) 

where C, denotes the concentration of base 
(KOH) added. The integral of Eq. (2) is expressed 
as below. When C,, # C,: 

C,=C,~C,.{exp[kr(C,-C,)]-l)/ 
{C, expW(G - GJI - Cd (5) 
When C,, = C,: 

C, = krC;/( 1 + ktC,) (6) 

With a set of initial estimates of k and C,,, C, 
can be calculated. The frequency shift Af and the 
residual sum of squares sum QS can then be 
calculated from Eqs. (7) and (8): 

f= s’(t-o-,,, c,,, + r.4‘. c,, + t-K + c,) +f” 
= - s’(r,,H -r,t,-)C,+S’(r(>H- +rK+)CB +f” 

(7) 

Af=p-f=SC, 

QS = 2 (,j-lc - Afe”P)* (8) 
po,nts 

whereJO is the initial frequency (kHz) where t = 0, 
S is the sensitivity of the sensor system (kHz 
mol ~ ‘), Y is the molar conductivity of ions, and C 
is the concentration of corresponding ions (mol 
1 ‘). 
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This is a nonlinear regression model. To ob- 
tain the model parameters S, C, and k, the par- 
tial derivatives of the parameters must be 
calculated: 

2 Ajf’/ak = Sa C, /Zk (9) 

ZAf@C, = Sc’C,/X,, (10) 

aAf/c?S = C, (11) 

Once the partial derivatives (-3Ajf:IZS, ZAf/Sk 
and dAf/2C, have been calculated, the Hessian 
matrix is directly built up and the standard 
LMF algorithm [l l] is used to compute the 
parameters. 

3. Experimental 

3.1. Apparatus und rragents 

The 62 MHz one-port resonator was used in 
the study with a y,z-cut LiNbO, crystal. The 
detection cell and the complete assembly were 
described previously [8]. The detection cell was 
suspended in a brass thermostatic bath at con- 
stant temperature. The frequency was measured 
using a SC7201 Universal Counter at a resolu- 
tion of 1 Hz and data were collected at more 
than 12 points min ~ ‘. 

All chemicals used were of analytical-reagent 
grade. The concentration of KOH was prepared 
at about 5 mmol 1~ ’ and calibrated with guar- 
anteed-reagent-grade potassium biphthalate. 
Doubly-distilled water was used throughout. 

3.2. Procedure 

Under the protection of N,, 10 ml of 0.005 
mol 1~’ KOH solution was transferred to a de- 
tection cell and stirred with a magnetic stirrer at 
a constant speed. The baseline noise was deter- 
mined by using frequency data collected for 5 
min before the experiment. Several microliters of 
ester were injected into the solution with a mi- 
cro-syringe and the frequency shift vs. time was 
recorded. All experiments were repeated at least 
three times and for each curve at least 100 
points were acquired. 

3.3. Conqmtution and mulysis of dutu 

A program written in FORTRAN 77 was com- 
piled and run on an IBM PC/386 computer. The 
data were input from a data file by the DOS pipe 
command. All computations were in double preci- 
sion. The run time for a set of data was less than 
1 min. The program is available from the authors. 

4. Validation of the non-linear regression model 

The simultaneous determination of the concen- 
tration C, and the rate constant k relies on them 
being linearly correlated. The parameters C, and 
k occur in the form C,k in Eq. (2). To test their 
correlation, the response of frequency shift with 
time is given in Fig. 1 for different k values, 
keeping C,k constant. We can see that the effects 
of k and C, on the response are different. There- 
fore the simultaneous determination of k and C, 
can be achieved with the model. 

To test the ability of the algorithm estimating 
parameters, synthetic frequency response curves 
vs. time were computed according to Eq. (7) for 
given parameters, and a random noise of 1% of 
the maximum frequency shift was added to the 
theoretical data. The parameters were then com- 
puted with the theoretical data with added noise. 
The regression results are listed in Table 1. The 
residual given by the program showed that all the 

16 

Time (min.) 

Fig. I Response curves of frequency shifts vs. time at different 
concentrations of ester, keeping kc,, constant at 0.1; 
C(KOH) = IO mmol I - ’ 
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Table I 
Regression analysis of synthetic data with random noise of 1% of the maximum frequency shift 

k (I mol-’ s-‘) C,, (mm01 I ‘) S [(kHz k Hz) I mol- ‘1 

Actual Estimated ( f SD) Actual Estimated ( i SD) 

8.75 x lo-? (8.75 kO.18) X lo-’ I .oo I.005 * 0.076 
2.77 x IO-’ (2.69 + 0.17) x lo-’ 1.00 1.03 & 0.064 
8.75 x IO-’ (8.74 * 0.1 I) X 10-Z 1.00 1 .Ol * 0.002 
2.77 x 10-l (2.75 +0.16)x IO-’ 1.00 1.004 * 0.007 
8.75 x IO-’ (8.67 k 0.20) x IO-’ 0.50 0.497 i 0.016 
8.75 x lo-’ (8.62 + 0.26) x IO-’ 0.10 0.101 i 0.0061 

Actual Estimated ( i SD) 

19250 19250 f I9 
19250 19250 + 23 
19250 19250 f I8 
19250 19250 f I4 
19250 19250 f I7 
19250 19250 f 24 

Table 2 
EtYect of the initial estimates on the results 

Actual Initial Estimated 

k C,, (mm01 I ‘) k 

0.0875 1.00 0.00875 
0.0875 1.00 0.0360 
0.0875 1.00 8.75 
0.0875 1.00 0.036 
0.0875 1.00 0.036 

C,, (mm01 I ‘) k C,, (mm01 I-‘) 

5.00 0.08749 0.999 
5.00 0.08751 0.999 
5.00 0.08751 0.999 
0.050 0.08751 0.999 
50.00 0.08751 0.999 

deviations were of random distribution, indicating 
a good fit of the theoretical model to the data. In 
all cases, the S parameters calculated were close to 
the expected values with small deviations. For k 
and C,,, if they are not too small, the technique can 
give accurate estimations. When they are too small, 
the response of the sensor is too low and no 
accurate k and C, values can be determined. 

For non-linear regression, a good initial estimate 
of the parameter is generally important. The effect 
of the initial estimates of k and C,, on the regression 
has been tested with the synthetic frequency re- 
sponse curve. The results are listed in Table 2. 
Owing to the use of analytical derivatives together 
with the LMF algorithm, there are no strict de- 
mands on the initial estimates, and they may be 
varied in a range of loo-O.1 times the true values 
fork and 5060.05 times for C,,. The initial estimate 
of S has no limitation since it is linear. 

frequency shifts vs. time with different dissociation 
constants K,. It shows that when K, > lo-‘, there 
is little influence of K, on the response, when K, is 
in the range 10 ~ 9P 10 - 15, the influence of K, on 
the response is large, and when K, < 10 - I5 little 
response can be observed even with large rate 
constants and high initial concentrations of base. 
Since the dissociation of the acid is so small, no 
notable change of the conductivity can be ob- 
served. Therefore when K, > 10 ~ 9 the presence of 
RCOOH can be neglected (set C, = [RCOO-I); 
when K, = 10~y~10~‘5 neglect of RCOOH can 
influence the results seriously, and when K, < lo- 
15 no accurate results can be given by methods 
based on conductivity response. 

5. Results and discussion 

If the dissociation constant Kc, of the acid pro- 
duced by hydrolysis of esters is small (e.g. K, < 
10 ~ ‘), the hydrolysis of RCOO ~ should be taken 
into account. Fig. 2 gives the response curves of 

5.1. Relrrtionship between frequency shifts and 
conductivit? 

In order to investigate the relationship between 
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the frequency shifts and conductivity, the re- 
sponse of the SAW sensor system to conductivity 
has been determined by titrating water with 0.1 
mol 1-l KOH solution at 25°C. The result shows 
that a linear relationship exists in a certain con- 
ductance region where the corresponding KOH 
concentration is up to 20 mmol lP ‘. The linear 
region can be changed by adjusting the loop 
parameter in the oscillation circuit [8]. In this 
work, the linear region was adjusted to that where 
the corresponding KOH concentration was l-6 
mm01 ll’ (S, , = 78 Hz, R = 0.999, n = 7). 

0 4 8 12 16 20 

Time (min.) 

Fig. 2. Response curves of frequency shifts vs. time with 
different acid dissociation constants K,,; C(KOH) = IO mmol 
I-‘; C,,= 1.0 mm01 I- ‘, k=O.ll. 

9 

8 

g7 

2 
c5 

P 
4 

33 

g2 

1 

-0 2 4 6 8 10 12 14 

Tine (rnln) 

Fig. 3. Part of the calculated and experienced response curves 
for the methyl-, ethyl- and n-propyl-acetate systems: 
C(KOH)=5 mmol I-‘: C,,= I.0 mmol I-‘. T=25”C. 

f 8; ---X)=. 

6-s\> 

4 -"'."""""".l.,,,I,..,' 
0 2.5 5 7.5 10 125 15 

Tii(min) 

Fig. 4. The variation of apparent reaction rate ( d4f’; dr) with 
time calculated from the experimental data in Fig. 3. 

5.2. Estitmtion of the initial concentration of esters 
und the rutr constant 

The hydrolysis of methyl-, ethyl- and n-propyl- 
acetate was done at four different concentrations 
(0.05. 0.10. 0.50 and 1 .O mmol l- ‘) of the ester. 
The concentration of potassium hydroxide was 
kept constant at 5.00 mmol 1 - ‘. During the reac- 
tion the variation of the ionic strength is slight 
and the molar conductivity and sensitivity S can 
be assumed to be constant. The experimental 
temperature was kept constant at 25°C and 40°C 
respectively. A part of the calculated and experi- 
mental response curves is given in Fig. 3. The 
apparent rate ( dAL/ dt in Hz sP ‘) at time t calcu- 
lated from the experimental response curves in 
Fig. 3 is given in Fig. 4. The estimated results of 
the ethyl-acetate system are shown in Table 3. 
The rate constants determined for methyl-, ethyl- 
and n-propyl-acetate, together with the literature 
values. are given in Table 4. The residual distribu- 
tion for ethyl-acetate is shown in Fig. 5, indicating 
that the residual distribution was random. Table 3 
shows that the estimated concentrations agree 
well with the actual values. The lowest concentra- 
tion that can be determined simultaneously with k 
is about 1 x lops mol l- ‘. The lower limit de- 
creases with the increase of the rate constant k. 
From Table 4 we can see that the rate constant k 
estimated is higher than that published in the 
literature [15,16], which results from the different 
experimental conditions and the different rate 
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Table 3 
Regression analysis of the response data for ethyl acetate: C(KOH) = 0.005 mol I-’ 

No. T (“C) Actual Estimated 

C,, (mm01 I-‘) C,, (mm01 1 ‘) 

I 25.0 0.050 0.0487 
2 25.0 0.10 0.1 I 
3 25.0 0.50 0.49 
4 25.0 1.00 0.987 
5 40.0 0.05 0.0482 
6 40.0 0.10 0.109 
7 40.0 0.50 0.513 
8 40.0 1.00 I .07 

k(25”C) = 0.103 f 0.010; k(40”C) = 0.224 & 0.01; E, = 40.15 kJ mol-’ 

k (I molF’ s-‘) S (kHz I mol-‘) 

0.112 18985 
0.0998 18760 
0.0892 18420 
0.109 18394 
0.23 I 19635 
0.234 19563 
0.226 19434 
0.213 19056 

Table 4 
The rate constants determined for methyl-. ehtyl- and n-propyl-acetate 

Ester k(25”C) (this paper) 

Methyl-acetate 0.147 

Ethyl-acetate 0.103 

n-Propyl-acetate 0.0671 

d Ref. [ 161. 
’ Ref. [I 51. 
‘ e denotes the concentration of esters 

k T”C 

0.066” 20 

0.0723b 19 

Rate equation 

k[e][H+]’ 

k[e][OH -1’ 

Medium 

62% acetone 0.02 mol I ’ OH 

0.02 mol I ’ OH- 

equation. From Fig. 4 we can clearly see that the 
reaction rate increases with the decrease in the 
number of -CH,- units. 

5.3. A comparison of the SAW-sensing method 
with conductometry 

The hydrolysis of ethyl-acetate was monitored 
with the SAW-sensing method and with conduc- 
tometry for comparison. The response curves are 
given in Fig. 6. For the first 10 min the signal-to- 
noise ratio of the SAW-sensing method is 4000 
with a noise level of 1 Hz and the signal-to-noise 
ratio of conductometry is 400 with a noise level of 
0.1 ,uS cm ~ ’ under our experimental conditions. 
The proposed method is more sensitive than con- 
ductometry. The lower limit of the concentration 
is 1 x lop5 mol 1-I (SAW-sensing method). The 
similar form of the response curves demonstrates 

the linear relationship between the frequency shift 
and the conductivity. 

5.4. A compurison of the nonlinear regression 
analJ>sis method with the normal linear method 

With the proposed method, the concentration 
can be estimated with only one response curve. 
The concentration range that can be determined is 
only dependent on the linear region of frequency 
shifts vs. conductivity as well as the signal-to- 
noise ratio of the response curve. Owing to this 
the linear region can be changed by adjusting the 
loop parameters in the oscillation circuit; theoreti- 
cally the concentration that can be determined has 
no limitation if the signal-to-noise ratio is large. 
For the normal linear method, however, a calibra- 
tion curve of rate vs. concentration is usually 
needed so the concentration that can be deter- 
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-1.5 ---.l-_-- J 
0 1 i-3 4 5 6 7 8 

Time(min) 

Fig. 5. Residual plot from regression analysis of the experi- 
mental data at 25°C (0) and 40°C (A) for the ethyl-acetate 
system C(KOH) = 5 mmol I - ‘. C,, = I .O mmol I ‘, 

Time (min.) 

Fig. 6. Comparison of the SAW-sensing method with conduc- 
tometry under the same experimental conditions for the ethyl- 
acetate system. C(KOH) = 5 mmol 1~ ‘; C,, = I.0 mmol I ‘; 
T = 25°C. 

mined is dependent on the linear region of the 
calibration curve. Therefore, a great deal of work 
needs to be done and the precision of the result 
strongly relies on the experience of the analyst. 

5.5. Usisrfulmss and upplicutions 

The technique introduced in this paper can be 
used as a simple and accurate method for deter- 
mining hydrolysis rate constants of an ester and its 
initial concentration simultaneously. That the con- 
centration and kinetic constant can be determined 

simultaneously is a novel advantage, especially in 
biochemical systems where the accurate concentra- 
tions of reactants are usually unknown. With only 
a slight modification, the technique can be used to 
study the kinetic procedure in enzyme-catalysis 
reactions. Such works will be reported later. 
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Abstract 

The complex formation between pyrophosphate (PZO: - ) and protonated methylamine, ethylenediamine, diethylen- 
etriamine. triethylenetetramine, tetraethylenepentamine and pentaethylenehexamine. has been studied potentiometri- 
tally, in aqueous solution, at 25°C. It was found that the species ALH,(A = amine, L = P,O;-) are formed with 
q=l... rr(n = 3, 5, 6, 7, 7 and 8 for the above amines respectively). Mono- and di-amines form species A,>LH, too. 
The stability of these species is quite high [e.g. H,A” + +HL3 + ALH; : log K = 8.1 (A = pentaethylenehexamine)] 
and depends strictly on the charges involved in the formation reaction. Charges of reactants being equal. the stability 
trend is penten > tetren > trien > dien > en > meta and cationic mixed species are more stable than anionic ones. 
These results are discussed in relation to speciation problems in natural and biological fluids. 

Keywords: Aliphatic amines; Pyrophosphate complexes; Formation constants: Potentiometry 

1. Introduction 

Pyrophospate (diphosphate, P,O:! - ) is involved 
in many natural reactions. Owing to its high 
charge, pyrophosphate is mainly present in bio- 
logical and natural fluids as an ion pair or com- 
plex with different metal ions, which, in turn, may 
be of great importance in biochemical processes. 
As an example, the catalytic activity of PPase 
requires Mg2 + ions for the formation of the 
substrates Mg(P20,)2- and Mg,(P,O,)O. Poly- 

* Corresponding author 

phosphates are also involved in eutrophization 
phenomena and it has been demonstrated that 
intracellular accumulation of phosphorus takes 
place in the form of polyphosphate granules, 
which have been recognised in algal cells. In all 
cases it is necessary to know as rigorously as 
possible the speciation of polyphosphates in order 
to study biochemical reaction mechanisms. 

Metal pyrophosphate complexes have been 
studied extensively, in particular where alkali and 
alkaline earth cations are concerned. Recently it 
has been reported that pyrophosphate forms quite 
stable complexes with protonated polyamines [l], 

0039-9140~96/$15.00 #G 1996 Elsevier Science B.V. All rights reserved 

SSDf 0039-9 140(95)0 I 804-2 
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Table I 
Experimental details of potentiometric measurements (T= 2YC)” 

A C* c‘v,,,. PH I i.lnpc No. titrationsb 

Meta 0. I-O.3 0.015~0.04 LO- 11.2 0.18-0.42 7 

En 0.025-0.1 0.009~0.035 1.5 11.2 0.11 -0.35 6 

Dien 0.02ZO.06 o.oo9m 0.035 1.5-11.2 0.10-0.33 6 
Trien 0.009-0.035 0.009~0.035 1.5 10.0 0.10 -0.31 6 

Tetren 0.006CO.025 0.009~0.035 2.5Lll.O 0.09-0.28 6 

Penten 0.05-0.016 0.009~0.035 2.5 11.1 0.08 -0.27 6 

* Concentrations (C) and ionic strength (I) in mol dm-‘: titrant solution: I ,I 19 mol dm-’ NaOH. 
b Number of duplicate titrations. 

No. points 

677 

897 

960 

662 

509 

702 

and, in kinetic studies [2], it has been suggested 
that polyamines can substitute for Mg2+ as an 
activator in vitro. The complexation of P,O;- 
with polyguanidine cations and some diamines 
has also been reported [3]. 

In order to make a contribution to work on the 
speciation of this ligand in natural and biological 
fluids, we thought it interesting to investigate its 
complexing ability towards polyamines. In this 
work we report a potentiometric study of the 
formation and stability of pyrophosphate com- 
plexes with methylamine (meta), ethylenediamine 
(en), diethylenetriamine (dien). triethylenetetr- 
amine (trien), tetraethylenepentamine (tetren) and 
pentaethylenehexamine (penten), in aqueous solu- 
tion, at 25°C. 

2. Experimental 

2. I. Mccteriuls 

Amines (methylamine, ethylenediamine, di- 
ethylenetriamine, triethylenetetramine, tetra- 
ethylenepentamine and pentaethylenehexamine, 
Fluka products) were purified by transformation 
into the corresponding hydrochlorides [4], and 
were used in this form. Tetrasodium diphosphate 
(Analar, BDH) was used without further purifica- 
tion. Solutions of NaOH and HCI were prepared 
by diluting concentrated Fluka ampoules and 
were standardised against potassium biphthalate 
and sodium carbonate respectively. Grade A 
glassware and doubly-distilled water were used for 
all solutions. 

2.2. Appurtus 

Potentiometric measurements were carried out 
with two different sets of equipment: (a) an Amel 
631 potentiometer coupled with Metrohm glass 
saturated calomel electrodes; the titrant was deliv- 
ered by an Amel 231 dispenser; (b) an automatic 
system using a Metrohm E654 potentiometer cou- 
pled with a combination Ross-type electrode 8102 
and connected to a Metrohm dosimat 665 dis- 
penser; a computer program was used for the 
acquisition of the potentiometric data. The titra- 
tion program for the equipment (b) allows the 
evaluation of equilibrium potential values and 
determines the amount of titrant based on the 
actual buffering properties of the titrated solution, 
so that there is a difference in pH values of 
0.05-0.08 between two successive readings; the 
e.m.f. was considered to be stable when the varia- 
tion was less than 0.1 mV within 5 min. 

2.3. Procedure 

25-50 ml of the solution containing P,O$ HCI 
(in order to have the full protonated ligand) and 
the amine hydrochloride under study were titrated 
with standard NaOH up to 80-90% neutralisa- 
tion. Other experimental details are reported in 
Table I. Separate titrations of HCI at about the 
same ionic strength (adjusted with NaCl) as the 
sample under study were carried out for determin- 
ing the standard electrode potential E”. A stream 
of purified and presaturated N, was bubbled 
through all solutions in order to exclude the pres- 
ence of COz and 0,. 
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2.4. Culculutions 

The computer program ESABZM [j] was used to 
calculate the purity of the reagents and to refine 
all the parameters related to the calibration of the 
electrode system. The computer programs BSTAC 

[6] and STACO [7] were used to calculate the 
formation constants from measurements carried 
out at variable ionic strengths. The ionic strength 
dependence of formation constants was taken into 
account by using the DebyeeHiickel-type equa- 
tion [6,8]. 

log ~=logTa-z*,/fi(2+3,l’rl)+ CI+ 013!2 (1) 

c = cop* + c,? 

D = d,z* 

where p = formation constants; T,O = formation 
constant at zero ionic strength; p and z are the 
stoichiometric coefficients and the charges respec- 
tively. As previously reported [6,8], when weak 
interactions are taken into account [sodium com- 
plexes of P,O; ~, anion (Cl ~ ) complexes of proto- 
nated amines, association of background salt], 
such as in this work, the empirical parameters of 
Eq. (1), i.e. values of C and D, can be considered 
independent of the type of reaction, and depen- 
dent on the charges only (for I < 1 mol dm p3). 
For the calculations performed in this work we 
used the values c0 = 0.10, c, = 0.23 and d, = - 0.1 
(these values are taken from Ref. [9], and are in 
good agreement with those reported in other 
works [6,8]). In some cases, when I,,, > 0.3 mol 
dm- ‘, the parameter C was refined together with 
the formation constants, and D was kept constant 
at -0.1~ *. The computer programs BSTAC and 
STACO can be used when dealing with measure- 
ments performed at variable ionic strength, by 
using Eq. (1) for the dependence of log p on I. 
Formation constants were expressed as follows 
(charges omitted): 

P,x, = PCl, HJi0W~~[Hl”) (Ia) 

B,,(, = [Na,~LH,l;([Nar[LI[Hl’) (2b) 
for the protonation constants and for the forma- 
tion of amine-Cl ~ or PzO: - -Na + complexes, 
and 

a,><, = [A,,LH,l:([AY’[LI[Hl”) (2c) 

&xmint.\] = [product],XI[reactants] (24 

K,, = [ALHi+,liC[AH,l[LH,l) (2e) 
where A = amine and L = P@-. The overall 
formation constant p,,, is the constant obtained in 
the least-squares refinement, whilst K,TraC,d,,IS1 are 
the equilibrium constants calculated according to 
the most probable formation reaction, in general 
AH, + LH, e ALHi +,(K,). Concentrations and 
formation constants are given on the molar scale. 

3. Results 

3.1. Protonation constants of the ligands 

Protonation of amines and pyrophosphate has 
already been studied, together with weak com- 
plexes with Cl ~ and Na + Pyrophosphate forms 
[lo], in addition to the five protonated species. 
weak complexes with Na+ of the type Na, 
LHjP+qp4’ (p,q=l,O; 1.1; 1,2; 2,0; 2,1). 
Amines [1 ,l 1 - 141 form, in addition to the n pro- 
tonated species (n = number of amino groups), 
weak complexes with Cl- of the type ACl,,H$-“I 
(q = 1 n, 1 <p 6 n - 2). Protonation and weak 
complex formation constants are reported in 
Table 2. As can be seen, some formation con- 
stants of Na + -P,O’:- and AH: + -Cl com- 
plexes are greater than one log unit and therefore 
NaCl interferences may mask other complex for- 
mation reactions, when CNac, >> Creac,ants. 

3.2. Proton mixed-ligand systems 

Experimental data of mixed systems (potentio- 
metric titrations) cannot be explained by consider- 
ing the protonation constants of the two ligands 
only. Therefore, the formation of mixed proton 
amine-pyrophosphate complexes must be taken 
into account. Least-squares calculations were con- 
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Table 2 
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Protonation constants and Na+ or Cl- complex formation constants for the ligands considered in this work, at I = 0 mol drn-? and 
T = 25°C 

P 

- 

0 

0 

0 

0 

0 

0 

1 

I 

I 

1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 

3 
4 

4 

- 

1 
2 
3 
4 
5 
6 
0 
1 
2 
3 
4 
5 
6 
0 
1 
3 
4 
5 
6 
5 
6 
6 

log 8,,,” 

p>o:- 

UW 

8.77 
14.87 
16.76 
17.46 

1.5 
9.8 

15.3 

2.6 
9.7 

Meta 

111 

10.63 

10.40 

9.91 
16.77 

9.80 
17.43 

Dien 

1121 

9.80 
18.54 
22.20 

9.70 
19.33 
23.73 

24.05 

Trien 

[I31 

9.61 
18.54 
24.66 
27.04 

9.36 
19.32 
26.08 
28.78 

26.43 
30.39 

Tetren 

v31 

9.83 
18.84 
26.57 
30.47 
32.35 

9.31 
19.36 
27.73 
32.15 
34.53 

27.99 
33.37 
36.00 

37.05 

Penten 

[141 

9.89 
18.95 
27.04 
32.86 
35.94 
37.54 

10.01 
19.79 
28.77 
35.00 
38.26 
40.10 

35.89 
40.00 
42.19 
40.32 
43.40 
43.22 

* Formation constants /I’,, refer to the reactions [see Eqs. (2a), (2b)]: 
A”+@- +qH+ = ACl,Hy-P) (amines) 
L4- +pNa+ +qH+ = NapLH$‘+V-4’ (pyrophosphate) 
b I = 0.25 mol dm-‘. 

sistent with the formation of ALH, species (q = 
1 . . . n; n = 3, 5, 6, 7, 7 and 8, for meta, en, dien, 
trien, tetren and penten respectively). In Table 3 
we report the formation constants of mixed spe- 
cies as both overall and partial (according to the 
most probable formation reaction) constants. As 
one can see, the stability of these complexes is 
relevant and in some cases very high. Now, let us 
examine each system in detail. 

3.2.1. P,O4,- -m&u 
In this system, six species are formed: ALH; ~ 4 

(q = 1 3) A,LH: ~, A,LH; and A,LH$ For- 
mation constants increase with increasing charge 
in both cation and anion. This rule is confirmed 
quantitatively for the formation of the species 

ALHZ- and A,LH:- (the same charges are in- 
volved in the formation reaction) for which very 
similar values of constants (log K = 2.10 and 2.06 
respectively) are observed. In some cases, it is 
difficult to assign the correct partial formation 
reaction to each species. This is the case for the 
tetramine species A,LH!j, for which only a semi- 
overall formation constant had been calculated. 
In Fig. la we report the distribution of the species 
vs. pH. At relatively high concentrations of reac- 
tants and with ratios C,iC, >> 1 all the species are 
formed in significant amounts. If the above ratio 
is equal to one and with concentrations of the 
order of mmol dm -‘, only some species are sig- 
nificant [ALH, (q = 1, 2, 3)] with formation per- 
centages < 15%. Therefore, at concentration levels 
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of natural and biological fluids these complexes ered fairly significant for natural and biological 
arc not very important. fluids. 

3.2.2. P20;- pen 3.2.3. P,O: -dim 
Seven species are formed in this system: 

ALHzp4 (q= 1 . S), A,LHi and A,LH;. Also 
in this case one can observe a check (in the same 
system) For the strict dependence of the stabil- 
ity on the charges involved in the formation reac- 
tion. In fact the species ALH: and A,LHy 
have partial formation constants which are quite 
close to each other. In Fig. lb the distribution of 
the species vs. pH is reported. The speciation of 
this system, as a function of concentration and 
pH, is qualitatively very similar to that of meta. 
When the concentration of reactants is 1 mmol 
dm - ‘, complex species A,,LH,, with q > 1 disap- 
pear, but the formation percentages of the other 
species, in the range 2 <pH ~8, are always > 
35%. This means that this system can be consld- 

Six species are formed in this system: ALHZ- 
4(q = 1 . 6). The ratio log K/z, (z, = z,,,,,,+ 
jz,,,,,,/) is fairly constant (0.9 f 0.2), further confi- 
rming the strict dependence of formation con- 
stants on charges. However, the difference 
between positively and negatively charged species 
becomes relevant; in fact the formation constant 
for the species ALHi- is significantly lower than 
that of ALH,’ (even if charges involved in the 
reaction are the same absolute value). This indi- 
cates that the charge on the protonated amine is 
more important than the charge of the anion in 
determining the stability of mixed proton com- 
plexes. In Fig. lc we report the distribution of the 
species vs. pH. Formation percentages are very 
high. and also, when the concentration of reac- 
tants is < 1 mmol dm - ‘, srgnificant presence of 
mixed complexes is observed. 

%PP 

b0 

2.5 5.5 5 

1 5 

Fig. I. Distribution of the species ts. pN in the sys!ems 
H + -P,O:- -meta (a), H + P,O;- -en (b). H+ -P20$ 
dien (c) and H + -PzO: - -trien (d). Numbers which locate 
complexes (4) refer to the species ALH, [or (pq) for A,LH,]. 
(a) C, = 0.25, C, = 0.02 mol dm ‘; (b) C, = 0.05, C, = 0.01 
mol dm ‘: (c) C, = 0 025, C, = 0.01 mol dm ‘: (d) C, = 
0.01, C, = 0.01 mol dm - ‘; T = 25”C, I = 0 15 (NaCI) mol 
dm-‘. 

3.2.4. P,O:- -trim 
Seven species are formed in this system: AL- 

Hzp4(q= 1 7). Since all the species are formed 
in the range 3 < pH 6 9, in some cases it is 
difficult to detemine the correct formation reac- 
tion. For example, the formation of the species 
ALH! can be described by the reactions: 

H,A’+ + HL’~ g ALH): (log K= 6.6) 

H,A’+ + H,L’- zALH: (log K= 6.1) 

In Table 3 we report the formation constant 
relative to the first reaction since in the real 
conditions of our experiments the third protona- 
tion constant of trien is significantly higher than 
the second one of pyrophosphate. However, at 
I = 0 mol dm - 3, log KY (trien) E log K,H(P@- ), 
and under these conditions rt is right to write the 
second reaction too. In Fig. Id we report the 
distribution of the species vs. pH. When C, = 
C, = 10 mmol dm - ‘, mixed species are predomi- 
nant; at pH < 9 the sum of the percentages of 
ALH, complexes is always > 90%. For C,= 
C, = 1 mmol dm - 3, the sum of the percentages in 
the above range is not lowered too much. 
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5 9 PH 2 5 8 PH 

%PP 

60 

40 

1 5 9 PH 

%PP 

66 

1 5 9 PH 

Fig. 2. Distribution of the species vs. pH in the systems 
H+-P,O;--tetren (a, b) and H+-P@~-penten (c, d). 
Numbers which locate complexes (4) refer to the species 
ALH,. (a, c) C, = C, = 0.01 mol dm ‘: (b, d) C, = C,& = 
0.001 mol dm ‘; T = 25°C. I = 0.15 (NaCI) mol dm I. 

3.2.5. P,O$ ~ ~ tetren und penten 
In these systems seven [ALH, (q = 1...7)] and 

eight [ALH,(q = 1...8)] species are formed respec- 
tively. Apart from the values of formation con- 
stants, the same considerations as for trien apply 
to these systems. In Fig. 2a-2c the distribution 
diagrams of the species vs. pH are shown. In these 
systems, the formation of mixed species is almost 
quantitative for C, = C, > 1 mmol dm - 3. For 
the system pentenP,Oi-, when the concentra- 
tion is 1 pmol dm - ‘, 40-45% of ligands are still 
present as mixed complexes in the pH range 3-6. 
and 20% at pH 7. 

4. Discussion 

4.1. Grnerul stability trends 

Taking the formation constants of the differ- 
ent systems together, some general trends can be 
evidenced. 

(a) The charges of the reactants being equal, 
formation constants for the amineeP@~- com- 

plexes follow the trend: meta < en < dien< 
tetren < penten. 

(b) The stability is in general directly proporti- 
nal to the charges involved in the formation reac- 
tion. 

(c) The sum of charges in the protonated amine 
and in pyrophosphate being equal the stability of 
mixed proton complexes follows the trends: 

(i) cationic species > anionic species; 
(ii) the stability of complexes is higher when the 
differences between charges in the amine and in 
pyrophosphate are smaller, i.e. log K(AIz,I) > 
log K(AIz&, when AI:,1 > A/ziI. 

In Fig. 3 we report log K vs. n (number of amino 
groups in the amine) for the reactions: 

H,A’ + + HP,O; - ti A(P,O,)H, 

H,A’ - + H,P,O; ~ FL A(P,O,)H< 

As can be seen, a significant linear trend is ob- 
served with positive slope [point (a)] for both 
types of complex, whilst the relative stability is in 
favour of cationic species [points (c), (i)]. 

Trends (a)-(c) can be expressed quantitatively 
by the simple relationship (all formation constants 
of different mixed systems are taken simulta- 
neously into account): 

log K = l.O5Z,.&“” + 0.67(~,,,,,,,1 + 0.36~ 

- 0.28Az - 0.90 (3) 

Where n = number of animo groups in the amine, 
with a mean deviation E (log K) = 0.6. 

2 3 4 5 6 n 

Fig. 3. Dependence of log K on n (number of amino groups): 
(A) H,A’+ +HLZm sALH, ; (+) H,A’+ +HzL’- s 
ALH,+. 
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Steric factors influence the stability of ligand- 
ligand complexes, as observed in other investiga- 
tions [l], but the electrostatic factor, namely the 
charges involved in the complexation reaction, 
plays a much more important role. 

4.2. Ionic strength and medium dependence of 
formation constants 

Formation constants of mixed systems were 
calculated under the assumption that all signifi- 
cant interactions among all the components have 
been taken into account, i.e. “true” formation 
constants were obtained. In particular, we took 
into account the formation of Na+ -P,O$- and 
Cl ~ -amine complexes, as reported in Table 2. 
Different assumptions are generally made in the 
literature: (a) Na’ and Cl- complexes are ne- 
glected altogether; (b) only Na+ complexes are 
taken into account (c) the formation of Na+ 
complexes is avoided by using tetrealkylammo- 
nium cations for the background salt and/or for 
the titrant strong base. The formation of Cll 
complexes has been neglected in most cases. 
Different assumptions (i.e. different complexation 
models) give rise to very different values of forma- 
tion constants, in particular with Na’ and Cl 
complexes with K > 10 molt ’ dm3, as for many 
systems studied here. In order to show the magni- 
tude of differences in log K, for the formation of 
mixed proton complexes due to the choice of 
different assumptions, we calculated formation 
constants at three different ionic strengths (I= 
0.1, 0.25 and 0.5 mol dm -3) by (i) considering 
both Na+ and Cl - complexes; (ii) taking into 
account only Na + complexes; (iii) neglecting both 
Na + and Cl - interactions. As can be seen (Table 
4), in some cases the differences are very signifi- 
cant; for example log Ke2 (penten-P,O; - ) is low- 
ered by more than four units on going from (i) to 
(iii). 

Empirical parameters of Eq. (1) were checked 
randomly for their dependence on ionic strength 
for different systems and complexes studied here. 
In particular, the value of c, was calculated for all 
systems and the obtained mean value was c, = 
0.225 + 0.021 [the error in log K, introduced into 
the calculations, due to the use of Eq. (1) is 
z* x 0.021 x Z, i.e. in most cases < 0.051. 

4.3. Comparison with similar systems 

Very few amine-anion complexes have been 
studied quantitatively. Most studies in this field 
relate to the complexation of polyanions by cyclic 
protonated amines [15520]. In this laboratory, 
different amine-anion systems have been investi- 
gated [1,21-261, and in all cases, a strict depen- 
dence between stability and charges has been 
found. As an example, we may compare the sta- 
bility of tetren-P,O;- complexes with the 
analogous complexes tetren-Fe(CN)i- [24] and 
tetren-btC4 ~ [4-251 (btc = butanetetracarboxy- 
late): for log K,, we have 4.4 and 4.0 respectively 
(4.7 for P,O;-). The system en-P@- has been 
studied by Dietrich et al. [3] at I= 0.1 mol dme3 
in Me,NCl; they found log K,, = 1.5, log K,, = 
2.5 and log K,, = 2.6. These values are intermedi- 
ate between our values (b) and (c) reported in 
Table 4. This is consistent with some observations 
already made, according to which Cl ~ forms 
complexes with protonated amines [ll~ 141 and 
Me,N + forms very weak complexes with unpro- 
tonated amines [11,12], whilst N” + forms fairly 
strong complexes with P,O;- [lo]. 

4.4. Statistical analysis and errors 

The speciation model for each system was ob- 
tained by using some simple rules, including the 
statistical ones. Briefly, the procedure for selecting 
the best model includes these main points: (a) 
check for the absence of systematic errors (all the 
experimental conditions were randomised); (b) 
choose a suitable weighing scheme;(c) use the F 
test for the selection of the most suitable specia- 
tion model; (d) check for the absence of system- 
atic trends in the residuals in order to avoid bias 
in the selecion of species. Nevertheless, it is im- 
portant to bear in mind that the speciation mod- 
els, together with formation constants obtained 
for each system, are strictly valid only within 
experimental conditions; in fact, it is not possible 
to exclude the formation of other species when the 
concentrations of reactants is higher than that 
used in the present work, Moreover, it is possible 
that some quaternary species such as AL(Cl)H, or 
AL(Na)H, are formed at higher Na+ and Cl- 
concentrations. 
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Dependence on ionic strength of formation constants in NaCI. under different assumptions about the formation of Nat and Cl- 
complexes” 

i J I=0 I=O.l 

b 

Metam 
I 
I 
I 

En 
1 
I 
2 
2 
2 

Dien 
I 
2 
2 
2 
3 
3 

Trien 
I 
2 
2 
3 
3 
4 
4 

Tetren 
I 
2 
2 
3 
3 
4 
5 

Penten 
I 
2 
2 
3 
4 
3 
4 
5 
6 

0 
I 
2 

0 
I 
I 
2 
3 

0 
0 
I 
2 
2 
3 

0 
0 
1 
I 
2 
2 
3 

0 
0 
I 
I 
2 
2 
2 

0 
0 
I 
I 
I 
2 
2 
2 
2 

2.9 2.2 2.2 1.5 2.1 2.1 
2.1 I.6 I.6 0.7 1.5 I.5 
I.4 I.1 I.1 0.1 I.0 I.0 

1.1 
0.2 
c 

2.2 2.1 
I.6 1.5 
I.1 1.0 

0.8 
e 
e 

3.1 2.4 I.4 1.7 2.3 2.2 1.2 2.4 2.3 
3.4 2.9 2.9 2.0 2.9 2.8 1.5 2.9 2.8 
4.0 3.0 2.9 2.0 2.9 2.7 I .4 3.0 2.7 
2.6 I .9 1.8 0.8 I.8 1.6 0.1 I.9 I.6 
I .4 I.1 I.0 0.0 I .o 0.8 e I.1 0.8 

I .o 
I .o 
0.9 
e 
e 

3.2 
5.5 
4.1 
3.9 
4.6 
3.4 

2.5 2.5 I.8 2.4 2.3 1.3 2.5 2.4 
4.1 4.0 3.3 3.9 3.7 2.3 4.0 3.6 
3.1 3.0 2.1 3.0 2.8 1.5 3.1 2.7 
3.2 3.1 ?.I 3.2 3.0 I.5 3.2 2.8 
3.5 32 

2:6 
2.2 3.4 2.6 I.1 3.5 2.5 

2.9 1.6 2.8 2.0 0.5 2.9 I.9 

I.1 
2.3 
0.9 
0.6 
0.3 
e 

2.8 2.1 2.1 I.4 2.0 2.0 I .o 2.1 2.0 0.7 
5.5 4.1 4.0 3.3 4.0 3.8 2.8 4.1 3.7 2.4 
5.2 4.2 4.1 3.2 4. I 3.9 2.6 4.2 3.8 2.0 
6.6 5.0 4.7 3.8 4.9 4.4 3.1 5.0 4.1 2.3 
5.6 4.5 4.2 3.2 4.4 3.9 2.4 4.5 3.6 I .4 
6.4 5.0 4.5 3.5 4.8 3.8 2.3 5.0 3.4 1.2 
4.3 3.6 3.1 2.1 3.5 2.5 I.0 3.6 2.0 e 

2.8 2.1 2.1 I .4 2.0 2.0 1.0 2.1 2.0 0.7 
4.7 3.3 3.2 2.5 3.1 3.0 2.0 3.2 2.9 1.6 
5.1 4.0 3.9 3.0 3.9 3.8 2.5 4.0 3.7 I.9 
5.5 3.9 3.7 2.8 3.8 3.5 2.2 3.9 3.3 I.5 
5.3 4.3 4. I 3.1 4.2 3.9 2.4 4.3 3.7 I.5 
5.1 4.3 3.9 2.9 4.2 3.5 2.0 4.3 3.0 0.8 
6.1 4.4 3.7 2.7 4.2 3.0 I.5 4.3 2.3 0.1 

3.6 2.9 2.9 2.2 2.8 2.7 1.7 2.9 2.7 I.4 
5.0 3.6 3.5 2.8 3.5 3.3 2.3 3.6 3.2 1.9 
5.4 4.4 4.3 3.4 4.2 4.0 2.7 4.3 3.9 I.1 
6.5 4.9 4.5 3.6 4.7 4.0 2.7 4.8 3.8 1.0 
8.1 6.0 5.4 4.5 5.8 4.8 3.5 5.9 4.4 2.6 
7.2 6.1 5.7 4.7 6.0 5.3 3.8 6.1 5.1 2.9 
7.2 5.8 5.2 4.2 5.7 4.7 3.2 5.8 4.3 2.1 
7.8 6.1 5.2 4.2 5.9 4.6 3.1 6.0 3.9 1.7 
7.9 5.8 4.7 3.7 5.6 4.0 2.5 5.7 3.1 0.9 

I = 0.25 I = 0.5 

b c d b ‘ d 

a I in mol dm-‘; i and j refer to the formation constant K, [see Experimental section, Eq.(2e)]. 
b Formation constants calculated by considering the formation of both Na- and Cl- complexes 
’ Formation constants calculated by neglecting Cl- complexes. 
’ Formation constants calculated by neglecting both Na+ and Cl- complexes. 
r log K,,<O. 
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Errors associated with overall formation con- 
stants p,, are reported in Table 3 as three times 
the standard deviation. In general these uncertain- 
ties can be considered satisfactory, but we must 
consider that by including small systematic errors. 
formation constants may be affected by substan- 
tially higher uncertainties. Values of log K, are 
reported to only one decimal place since they are 
affected by an error 0.1 f 3s < 0.4. 

4.5. Concluding remarks 

The most important finding of this work relates 
to the quite high strength of pyrophosphatee 
amine complexes, in particular for polyamines 
with more than two amino groups. In some cases 
the formation constants of mixed proton-P,O:- 
-amine species are comparable with those of 
P@- -alkaline earth metal complexes [27], and 
in the case of penten higher log K,, values are also 
observed. 

The second remark to be made concerns the 
dependence of the medium of formation constants 
of complexes studied here. In fact, as reported in 
the text and in Table 4, different ionic strengths 
and different background conditions may cause a 
substantial lowering of formation constants. This 
is due to the high charges of pyrophosphate and 
protonated polyamines and to the strong interfer- 
ences of Na’ and Cl ~. Therefore, care must be 
taken when using these formation data in the 
speciation of different biological and natural 
fluids. 

Finally it must be stressed that, in the light of 
present results, interaction of P,O’: -- with 
polyamines may play an important role in natural 
systems, since it occurs also at very low concen- 
trations. Semi-quantitative information for the 
stability of other complexes with biologically im- 
portant amines can be obtained using Eq. (3). 
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Abstract 

In acetate buffer solution (pH 3.5) containing oxine and chlorate. ultratrace amounts of molybdenum can be 
determined after adsorptive accumulation of the Mo(VI)-oxine complex on a hanging mercury drop electrode. 
coupled with the catalytic effect on the reduction of chlorate. Under optimized conditions. the catalytic-adsorptive 
stripping voltammetric procedure gives excellent selectivity and an extremely low detection limit of 1.7 pM 
molybdenum (60 s accumulation). The stripping peak current increases linearly with molybdenum concentration 
between 10 pM and 5.0 nM. The procedure is applied to determine traces of molybdenum in plant foodstuffs. 

Kq”bl‘o&: Adsorptive voltammetric determination; Molybdenum; Plant foodstutrs 

1. Introduction 

Molybdenum is a biologically essential trace 
element [l-3]. It always occurs in the hexavalent 
form (MO(W)) in aqueous solutions. Depending 
on the acidity of the solution, it may be cationic, 
anionic or polymeric [4]. Molybdenum plays an 
important role in a wide variety of plants and 
animals, particularly ruminants. Molybdenum 
deficiency eventually results in a diminished num- 
ber of flowers on plants and severe interference in 
the development of pollen. In contrast a high 
concentration of molybdenum in soil causes ab- 
normal growth of some plants [5,6]. Molybdenum 
also affects self-purification processes of natural 

water. At about 5 ppm it inhibits biochemical 
self-purification processes. An even higher content 
of molybedenum in water prevents the growth of 
the appropriate microorganisms [7]. Since the 
concentrations of molybdenum in plants, water 
and soil are generally at parts per billion levels, 
sufficient sensitivity is therefore required for the 
determination of molybdenum. 

Many electroanalytical procedures have been 
proposed for the determination of trace amounts 
of molybdenum [&14]. On the basis of the ad- 
sorptive accumulation of a molybdenum complex, 
such as Mo(VI)-tropolone [S]. Mo(VI)-oxine [9] 
or Mo(VI)-mandelic acid [lo], on a hanging 
mercury drop electrode (HMDE), nanomolar 
amounts of molybdenum in various samples can 
be successfully determined. Further improvement 
in the sensitivity has been reported by the applica- * Corresponding author. Fax: + 65 779 1691. 
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tion of catalytic effects of Mo(VI)-cupferron [l 11. 
Mo(VI)-mandelic acid [12] and Mo(VI)-3- 
methoxy-4-hydroxymandelic acid complexes [ 131 
on the reduction of chlorate, and Mo(VI)-2-(2’- 
thiozolylazo)-p-cresol complex on the reduction 
of nitrate [14]. Picomolar detection limits have 
been achieved after a few minutes of adsorptive 
accumulation. 

This paper describes an extremely sensitve and 
highly selective catalytic-adsorptive stripping 
voltammetric procedure for the determination of 
traces of molybdenum in plant foodstuffs. The 
procedure is based on the catalytic reduction of 
chlorate by the accumulated molybdenum com- 
plex with oxine. The voltammetric behavior of 
Mo(VI)-oxine complex in slightly acidic medium 
was first reported by van den Berg [9]. The reduc- 
tion current of the adsorbed Mo(VI)-oxine com- 
plex was used for the direct determination of 
molybdenum in sea water with a detection limit of 
0.10 nM (10 min accumulation). The catalytic- 
adsorptive procedure developed in this paper low- 
ers the detectability further to the picomolar level 
with a relatively short adsorptive accumulation 
time. 

2. Experimental 

2. I. Appurutus cud rrugrnts 

A PAR Model 174A polarographic analyzer 
equipped with a Model 303 static mercury drop 
electrode (EG&G. PAR, Princeton, NJ) and a 
Graphtec 2400 X-Y recorder were used for 
voltammetric study. A conventional three-elec- 
trode system, comprising an HMDE, a platinum 
wire counter electrode and an AgjAgCl (in satu- 
rated KCl) reference electrode, was used in all 
experiments. All potentials reported in this paper 
were referred to the Ag,/AgCl electrode. All exper- 
iments were performed under a nitrogen atmo- 
sphere in a clean environment. 

Water purified in a Mini-Q water purification 
system (Millipore) was used for all solution and 
sample preparations, All chemicals were of cer- 
tified analytical grade and above. A 1000 ppm 
stock Mo(V1) solution (atomic absorption stan- 

dard, Aldrich) was diluted as required. Stock solu- 
tions of 1 .O mM oxine and 1.0 M chlorate were 
prepared by directly dissolving required amounts 
of oxine and sodium chlorate in water respectively. 

2.2. Produre 

The supporting electrolyte solution (10 ml 0.050 
M acetate buffer, pH 3.5), containing 0.20 M 
sodium chlorate and 50 ,uM oxine, was pipetted 
into a voltammetric cell and purged with nitrogen 
for at least 4 min. The accumulation potential was 
applied to a fresh mercury drop while the solution 
was stirred. After 60 s of accumulation, a period 
of quiescence of 10 s was allowed whereafter a 
linear scan voltammogram was recorded from 
- 0.10 to - 0.70 V, with a potential scan rate of 
100 mV ss’. After the background voltam- 
mogram had been obtained, aliquots of the 
Mo(V1) standard solution were introduced into 
the cell while maintaining a nitrogen atmosphere 
over the solution. All data were obtained at room 
temperature. 

2.3. Reugent pur$ication 

All containers were thoroughly cleaned by 
soaking in 1: 1 HNO, for several days. They were 
then rinsed and stored in 0.10 M HNO,. All 
experiments were performed in a clean environ- 
ment. Trace amounts of molybdenum in the elec- 
trolyte solution were removed by Chelex-100 
ion-exchanger at pH 3.5. The ion-exchanger was 
purified according to the proposed procedure 
[lo, 121. The contribution of molybdenum to the 
supporting electrolyte from the thus purified 
reagents was generally less than 5.0 pM. 

2.4. Surriplr unul~sis 

For the determination of molybdenum in plant 
foodstuffs. samples (0.50-1.0 g) were first ashed 
for 557 h at 500°C in a quartz crucible. After 
cooling, the ashes were carefully moistened with 2 
ml of 1: 1 nitric acid and the mixture was heated 
on a hotplate to near dryness. The residue was 
dissolved in 1.0 mM nitric acid. The solution was 
filtered and collected in a clean polyethylene bot- 
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0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 
-E/V(vs.AgAg/CI) -E/V(vs.AgAg/CI) 

Fig. I. Cyclic voltammograms of molybdenum in different solutions: (A) 0.20 M ILaCIO, + 0.050 M acetate butYer (pH 3.5); (B) 
same as (A) + 0.50 /tM Mo(V1); (C) same as (A) + 0.20 nM Mo(VI) + 50 /tM oxine: (D) 50 /tM oxine + 0. IO /tM Mo(VI) f 0.050 
M acetate buffer (pH 3.5). Accumulation potential 0.0 V. accumulation time 60 s. sc&n rate LOO mV s ‘. 

tle. Aliquots of the solution were pipetted into the 
voltammetric cell and the concentrations of 
molybdenum were determined using the standard 
additions method. 

3. Results and discussion 

Fig. 1 shows cyclic voltammograms for differ- 
ent combinations of Mo(VI)? oxine and chlorate 
in 0.050 M acetate buffer solution (pH 3.5). As 
illustrated in Fig. lA, for a solution containing 
chlorate alone, no obvious current peaks were 
observed between 0.0 and - 1.0 V. However, in 
an acidic medium contining Mo(VI), chlorate 
gave a catalytic current peak at approximately 

- 0.5 V (Fig. 18). This catalytic current increased 
linearly with increasing molybdenum concentra- 
tion in the range O.lO- 1.0 ,uM [15]. When mixing 
Mo(VI) with oxine in the buffer solution, three 
adsorptive stripping current peaks were obtained 
(Fig. 1 D). The first stripping current peak at 
approximately - 0.2 V corresponds to the reduc- 
tion of Mo(VI) in the complex to MO(V). The 
second current peak at approximately - 0.5 V 
should be the reduction of MO(V) to MO(N). The 
last one represents the reduction of Mo(IV) to 
Mo(II1). The peak current increased with increas- 
ing accumulation time prior to the potential scan, 
indicating that the Mo(VI)-oxine complex is 
readily adsorbed onto the HMDE. The stripping 
peak current was directly proportional to the 
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concentration of molybdenum up to 0.30 PM, 
with a detection limit of 4.0 nM, following 1 min 
of accumulation [9]. As indicated in Fig. lC, upon 
adding chlorate to the Mo(VI))oxine complex 
solution, a dramatic increase in peak current was 
observed. Furthermore, the catalytic current did 
not commence until the potential became consid- 
erably more negative than that of the first current 
peak of the Mo(VI)-oxine complex, suggesting 
that both MO(W) and MO(V) have no catalytic 
activity towards the reduction of chlorate. As the 
electrode potential approached the peak potential 
of the second current peak, more and more 
Mo(IV) ions were generated at the HMDE sur- 
face upon the reduction of MO(V), which cata- 
lyzes the reduction of chlorate in the solution. 

0.6 

1.5 2 2.5 3 3.5 4 4.5 5 

PH 

0.15 1 I I I I I 
B 

0 ’ 
1 I 1 1 I 1 I 

1.5 2 2.5 3 3.5 4 4.5 5 

PH 

Fig. 2. ElTect of pH on (A) peak potential and (B) peak 
current of Mo(Vl)Poxine. Accumulation potential - 0.10 V. 
other conditions as in Fig. IC. 

0.15 

3 0.1 

z 

: 
k 
3 

" 0.05 

000 0 50 

Oxine( flmolll) 

Chlorate(mol/l) 

Fig. 3. Variations in the peak current for 0.20 nM Mo(VI) as 
functions of (A) oxine and (B) NaCIO, concentration. Accu- 
mulation potential ~ 0. IO V. other conditions as in Fig. IC. 

Referring to the well-known mechanism of the 
catalytic reduction of chlorate by molybdenum 
[15,16], a possible reaction mechanism is that 
uncomplexed Mo(IV), generated at the HMDE 
surface upon the reduction of the Mo(VI)-oxine 
complex, reduces chlorate, and in the mean time 
the regenerated MO(V) is re-reduced at the elec- 
trode surface to Mo(IV), therefore contributing 
repeatedly to the reduction current. This is a 
typical EC process and the possible mechanism is 
as follows: 

Mo(V1) + 2oxine + Mo(VI)(oxine), (1) 

Mo(VI)(oxine), = Mo(VI)(oxine),,,, (2) 

Mo(VI)(oxine),,,, + MO(V) + 2oxine (3) 
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MO(V) + Mo( IV) (4) 

r 6Mo(IV) + ClO, ~ + 6H * 

+ 6tio(V) + Cl ~ + 3H,O (5) 
The pH dependences of the catalytic peak po 

tential and peak current are shown in Fig. 2. As 
illustrated in Fig. 2A, the peak potential varied 
with the pH and was shifted in the negative 
direction by 112 mV pH ~ ‘. A larger peak current 
was observed at higher pH. Good sensitivity was 
attained in the pH range 3.5-4.0. A substantial 
decrease in peak current was observed when the 
pH was lower than 3.0. The largest current was 
obtained at a pH of about 4.6 (Fig. 2B). However. 
a dramatic increase in the peak width was also 
observed at pH 4.6, which may cause inaccuracy 
in current measurements, especially at very low 

0.15 I I I 
A 

0 0.1 0.2 0.3 0.4 

-EIV(vs.Ag/AgCI) 

0 ’ 
I I I I I I I I I 

0 50 100 150 200 250 

Time(sec) 

Fig. 4. Dependence of peak curent for Mo(V1) oxine on (A) 
accumulation potential and (B) accumulation time. (A) 0.20 
and (B) 2.0 nM Mo(VI), other conditions as in Fig. 3. 

0 0.4 0.8 1.2 

-E/V(vs.Ag/AgCI) 

Fig. 5. Catalytic- adsorptive stripping voltammograms for so- 
lutions of increasing Mo(VI) concentration: (I) 0.020; (2) 
0.050: (3) 0.10; (4) 0.20; (5) 0.50 nM. Conditions as in Fig. 3. 

concentrations, since the broadening of the cur- 
rent peak overlaps the reduction currents of oxine 
and traces of oxygen. 

Since oxine is an essential component for the 
formation of the adsorptive complex, the oxine 
concentration would be expected to strongly affect 
the peak current. The peak current increased 
sharply upon increasing the oxine concentration 
between 1 .O ,U M and 20 PM, and then leveled off 
between 20 ,U M and 75 ,uM. Only a slight de- 
crease in the peak current was observed for higher 
oxine concentrations (Fig. 3A). Chlorate concen- 
tration also had a profound effect on the peak 
current (Fig. 3B). For example, the peak current 
for 0.20 nM molybdenum increased linearly with 
increasing chlorate concentration up to 0.20 M, 
and then more slowly. A chlorate concentration 
higher than 0.40 M resulted in a larger back- 
ground current, presumably due to the reduction 
of chlorate. 

The influence of the variation of the accumula- 
tion potential on the peak current, examined over 
the range 0.0 to - 0.40 V, is shown in Fig. 4A. 
The largest peak current was obtained for accu- 
mulation potentials between - 0.050 and - 0.15 
V. The peak current decreased when accumula- 
tion potentials were more negative than - 0.15 V 
and diminished substantially if an accumulation 
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I 1 I 
0 0.4 0.8 

-E/V(vs.Ag/AgCI) 

Fig. 6. Catalytic-adsorptive strlppmg voltammograms for 0.085 nM Mo(VI) (solid lines) and 0.085 nM Mo(VI) + 0.50 PM Cu’+ 
(broken lines) in the presence of (A) mandelic acid, (B) oxine and (C) cupferron. Accumulation time 60 s, other conditions as in Ref. 
[II]. Fig. 3 and Ref. [I I] respectively. 

potential was selected on the negative side of the 
first current peak. indicating that only the 
Mo(VI)-oxine complex is accumulated at the 
electrode surface. whereas the reduction product 
has no adsorptive property. The strong adsorptive 
character of the Mo(VI)-oxine complex can be 
used as an effective collection step, prior to 
voltammetric measurement, and provides an ex- 
tremely sensitive procedure for molybdenum anal- 
ysis. As shown in Fig. 4B, the longer the 
accumulation time, the more the Mo(VI)-oxine 
complex was accumulated and the higher was the 
current sensitivity. The peak current increased 
linearly with increasing accumulation time from 0 
to 120 s. For accumulation times above 150 s. the 
gain in sensitivity was very small. Subsequent 
experiments were, therefore, performed using 
0.050 M acetate buffer solution (pH 3.5) contain- 
ing 50 ,LLM oxine and 0.20 M sodium chlorate, 
and an accumulation time of 60 s at - 0.10 V, 
taking into account the speed of the measurement 

and the performance. 
Under these conditions, by taking advantage of 

the adsorptive-catalytic nature of the Mo(VI)- 
oxine complex, the sensitivity of the linear scan 
voltammetric method is improved significantly. 
The dependence of the catalytic-adsorptive strip- 
ping peak current on the concentration of molyb- 
denum is shown in Fig. 5, which displays parts 
of the catalytic-adsorptive stripping voltam- 
mograms in calibration experiments. Well-defined 
peaks were obtained despite the very low molyb- 
denum concentrations (subnanomolar levels). The 
catlaytic-adsorptive stripping peak current of the 
Mo(VI)-oxine complex was found to be directly 
proportional to the Mo(VI) concentration in the 
range 10 pM-5.0 nM (correlation coefficient 
0.998), with a sensitivity of 0.56 ,LLA nM ~ ‘, which 
is more than 10 000 times higher than that for a 
simple diffusion-controlled current of molybde- 
num ions in an acidic medium. As shown in Fig. 
6 (solid lines), the sensitivity obtained in this work 



Table I 
Determination of molybdenum in plant foodstuKs (average of six determinations) 

Sample MO content (ppb) MO added (ppb) MO after addition (ppb) Recovery (“L)J 

Cucumber 52 SO 100 96 
Cabbage 74 50 126 104 
Tea” 210 200 19s 94 
Tomato 38 50 87 98 
Wheav’ 510 500 985 95 
Potato 31 SO 79 96 

* Air-dried sample. 

was higher than the most sensitive catalyticcad- 
sorptive procedure, the Mo(VI))cupferron system 
[1 11, and much higher than those of other cata- 
lytic-adsorptive stripping voltammetric proce- 
dures [12 141. The detection limit, estimated from 
three times the standard deviation of repetitive 
measurements of 10 pM molybdenum under opti- 
mal conditions, was found to be 1.7 pM, which is 
about three orders of magnitude lower than that 
of the corresponding adsorptive stripping proce- 
dure [9] and is comparable with that of the most 
sensitive catalytic-adsorptive stripping voltam- 
metric procedures [ 11~ 141. The reproducibility of 
the procedure was established by two sets of 20 
repetitive determinations of 20 pM and 2.0 nM 
molybdenum. The mean peak currents were 11.X 
nA and 1.12 ,LIA with relative standard deviations 
of 5.1% and 1.9% respectively. 

In the voltammetric determination of molybde- 
num in the catalytic-adsorptive systems, interfer- 
ences may be caused by the competitive 
adsorption of ions and their complexes on the 
electrode surface and competitive participation in 
the catalytic reaction. They may also be the result 
of the appearance of reduction peaks next to the 
Mo(VI))oxine complex current peak. Owing to 
the extremely high sensitivity of the catalytic-ad- 
sorptive stripping current, it is expected that the 
influence of a large excess of another reducible 
species on the determination of molybdenum will 
be minor. even with a similar peak potential to 
the catalytic current peak potential. The effect of 
co-existing ions was tested at a concentration of 
1 .O nM molybdenum. It was found that up to 1 .O 
mM of SO: ~, NO, , F . BO: , CO: , Cl , 
NH:, K+, Sr’-, Lit. BeZ+, Ba’+, Ca’+ and 

Mg’-: 0.10 mM of BrO,. NO,, SCN-, Al”- 
and Ga’-; 10 FM of Cd”. Co”. Fe’+, Fe’+, 
Cr3+, CrOi-. AuCl; , Pb’+, Ag+, Hg’+, Zn2+, 
Ni’ + , Mn’ + and Ce”+ ; 5.0 ,uM of Cu’-, Bi3- 
and In3 -c; and 2.0 ,L~M VO’+ have little effect on 
the determination of molybdenum. However, 
SbO - has a reduction current peak in the region 
of the stripping peak of molybdenum which inter- 
feres at concentrations of 1.0 ,LIM. Additions of 
3.0 /IM 1 and 0.20 ,LIM WO: lower the 
Mo(VI)-oxine peak by 12% and 15% respectively. 
In addition, due to the adsorptive nature of the 
Mo(VI)-oxine complex. surface-active sub- 
stances, such as natural organic sufactants, Triton 
X- 100, Tween-80. sodium dodecylsulfate (SDS) 
and cetyltrimethylammonium bromide (CTAB), 
may interfere as a result of competitive adsorption 
at the electrode surface. For example, additions of 
0.50 j)M CTAB and SDS resulted in 12 and 15% 
depressions of the peak current respectively. De- 
pending on the complexity of the sample, for 
direct determination of molybdenum, necessary 
sample pretreatments, such as UV irradiation, 
ashing. acid digestion and microwave digestion, 
are recommended. Compared to other catalytic- 
adsorptiv-e stripping voltammetric procedures, for 
example Mo(VI))cupferron [11] and Mo(VI)) 
mandelic acid [12], better selectivity against cop- 
per was observed (Fig. 6, broken lines). In 
addition, better selectivity against tungsten was 
also observed. 

The proposed method was sucessfully applied 
to detemine molybdenum in a number of plant 
foodstuffs. In order to eliminate the matrix effect. 
molybdenumm contents were determined using 
the standard additions method. The results are 



listed in Table 1. The recoveries obtained by this 
method were good enough for practical use. 

In conclusion, linear scan voltammetry offers a 
simple, fast and convenient method for the deter- 
mination of ultratrace amounts of molybdenum 
by means of the coupling of adsorptive and cata- 
lytic effects of the molybdenumPoxine complex 
on the reduction of chlorate. The extremely high 
sensitivity and good selectivity, which are com- 
parable with the most sensitive procedures, adds 
to the versatility of the proposed method. 
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Abstract 

A highly sensitive and selective voltammetric procedure is described for the determination of trace amounts of iron. 
The procedure is based on the adsorptive collection of an iron-thiocyanate-nitric oxide complex on a hanging 
mercury drop electrode. The adsorbed complex catalyzes the reduction of nitrite in solution, which gives a detection 
limit of 40 ppt iron (30 s accumulation). The stripping current increases linearly with iron concentration up to 80 ppb. 
The relative standard deviations are 4.2% and 1.6% at 0.5 ppb and 40 ppb respectively. Most of the common ions, 
except cobalt. do not interfere with the determination of iron. The procedure is applied to determine iron in biological 
samples, natural waters and analytical-grade chemicals. 

Kq~ork: Iron; Adsorptive stripping voltammetry; Ironthiocyanate-nitric oxide complex 

1. Introduction 

In recent years, substantial efforts have been 
devoted to the development of catalytic-adsorp- 
tive voltammetric procedures, which are based on 
the adsorptive accumulation of metal complex on 
a hanging mercury drop electrode (HMDE) fol- 
lowed by a homogeneous catalytic reaction [l- 
121. This interest is due to the excellent sensitivity, 
selectivity, accuracy, precision and the low cost of 
instrumentation. The detection limit of catalytic- 
adsorptive voltammetry is usually lower than 0.1 
ppb, making it one of the most sensitive analytical 
methods for ultratrace analysis. 

* Corresponding author. Fax: + 65 779 1691. 

A number of metals, including cobalt [1,2], 
chromium [3,4], molybdenum [558], titanium [S], 
platinum [9], tungsten [lo, 111, and vanadium [12] 
have been successfully analyzed using catalytic- 
adsorptive voltammetric procedures. The electro- 
chemical behavior of iron makes its polarographic 
determination very difficult. Therefore, for the 
analysis of trace amounts of iron. most of the 
reported electroanalytical procedures are based on 
adsorptive stripping voltammetry. For example, 
in the presence of catechol [13]> I-nitro-2-naph- 
thol [14], solochrome violet KS [15] or 2-(5- 
bromo-2-pyridylazo)-5diethylaminophenol [16], 
trace amounts of iron can be determined after 
adsorptive accumulation of the iron complexes 
with these ligands. Depending on the accumula- 

0039.9140/96/Sl5.00 C 1996 Elsevier Science B.V. All rights reserved 
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tion time, iron at ppb levels in various samples 
has been determined following a few minutes of 
accumulation. However determination of iron by 
catalytic-adsorptive voltammetry has rarely been 
attempted. Golimowski [ 171 proposed a catalytic- 
adsorptive voltammetric procedure for measuring 
iron in the presence of triethanolamine and potas- 
sium bromate, but the detection limit (4 ppb) is 
relatively poor. A more sensitive catalytic-ad- 
sorptive voltammetric procedure was reported by 
Lu et al. [IS]. A detection limit of 10 ppt was 
achieved after 10 min accumulation. 

In this paper a novel method of catalytic-ad- 
sorptive stripping voltammetry of the iron-thio- 
cyanate-nitric oxide complex at the HMDE is 
investigated and applied to the determination of 
trace amounts of iron in a number of samples. 
Compared to the adsorptive stripping voltammet- 
ric procedures, this method provides a very low 
detection limit (40 ppt) for a very short accumula- 
tion period and excellent selectivity against most 
co-existing ionic species. 

2. Experimental 

2.1. Appuratus and reagents 

A PAR Model 174A polarographic analyzer 
was employed in connection with a Model 303 
static mercury drop electrode (EG & G, PAR, 
Princeton, NJ) and a Graphtec X-Y recorder. A 
medium-sized HMDE electrode, with a surface 
area of 2.0 mm2, was used. An AgiAgCl (in 
saturated KCl) reference electrode was used in all 
experiments. All potentials reported in this paper 
are referred to the Ag/AgCl electrode. Solutions 
were deoxygenated with high purity nitrogen for 4 
min prior to each experiment and all experiments 
were performed in a clean environment under a 
nitrogen atmosphere. 

Water purified in a Milli-Q water purification 
system (Milhpore) was used for all solutions and 
sample preparations. All chemicals were of cer- 
tified analytical grade and above. A stock solution 
of 1000 ppm iron was prepared by directly dis- 
solving the required amount of ammonium fer- 
rous sulfate in acidified water. Traces of iron in 

blank electrolyte were removed according to the 
procedure developed by Lazaro et al. [19]. 
Reagent containers and sample bottles were 
cleaned by soaking in 1: 1 nitric acid for a few 
days. They were then thoroughly rinsed with wa- 
ter and stored in 0.01 M nitric acid. 

2.2. Procedure 

The supporting electrolyte solution (10 ml 0.1 
M pH 4.0 acetate buffer), containing 0.1 M 
sodium nitrite and 0.05 M potassium thiocyanate, 
was transferred by pipette into a voltammetric cell 
and purged with nitrogen for 4 min. The adsorp- 
tion potential ( - 0.15 V) was applied to a fresh 
mercury drop in quiescent solution. A linear scan 
voltammogram was recorded from - 0.15 to - 
0.75 V following 30 s accumulation, with a poten- 
tial scan rate of 100 mV s- ‘. After the 
background voltammogram had been obtained, 
aliquots of the iron standard solution were intro- 
duced into the cell while maintaining a nitrogen 
atmosphere over the solution. All data were ob- 
tained at room temperature. 

2.3. Sample unulysis 

Biological samples were first ashed for 5 h at 
450°C in quartz crucibles. After cooling, the ashes 
were carefully moistened with 2 ml of 4.0 M 
ultrapure nitric acid and the mixtures were heated 
on a hotplate to near dryness. The residues were 
dissolved in purified acetate buffer. The resultant 
solutions were filtered and collected in clean 
polyethylene bottles. Water samples (15-25ml) 
were filtered through a 0.40 pm cellulose acetate 
membrane filter into a quartz crucible and the pH 
was adjusted to about 3.0 with acetate buffer. 
They were then UV-irradiated for 5-8 h. Analyti- 
cal grade chemicals were directly dissolved in 
water and the pH of the sample solution WdS 

adjusted to 3.5-4.0 with acetate buffer solution. 
An aliquot of the sample solution was pipetted 
into the voltammetric cell and the concentration 
of iron was determined using the procedure de- 
scribed above. 
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-EIV(vs.AgIAgCI) 
Fig. I. Cyclic voltammograms of iron in different solutions: (A) 0.05 M KSCN + 0. I M NaNOz + 0.1 M pH 4.0 acetate buffer; (B) 
0.05 M KSCN + 1.0 ppm Fe’+ + 0.1 M pH 4.0 acetate butfer; (C) as for (A) with the addition of 5.0 ppb Fe’+. Accumulation 
potential 0 V; accumulation time 30 s; potential scan rate 100 mV s ‘. 

3. Results and discussion 

Fig. 1 shows cyclic voltammograms for NOi - 
SCN -, Fe’ + -SCN - and NO; -SCN ~ -Fe2 + 
in 0.1 M pH 4.0 acetate buffer solution. As can be 
seen in Fig. lA, for solutions containing nitrite 
and thiocyanate, a small current peak is observed, 

60 i 1 1 T  

20 
0 20 40 60 80 100 

Timelsec 

Fig. 2. Dependence of peak current for 0.5 ppb iron on the 
accumulation time at ~ 0.15 V. Other conditions as in Fig. 
IC. 

which is due exclusively to traces of iron in 
purified electrolyte (see also Fig. 6, broken line). 
In the acetate buffer containing iron and thio- 
cyanate, no obvious current peaks are observable 
between 0.0 and - 0.7 V (Fig. 1B). As we know, 
thiocyanate can only cause an oxidation current 
by forming Hg(SCN), at the mercury electrode 
surface, which is oxidized at positive potentials. 
Previous study has shown that in an acidic 
medium containing thiocyanate, nitrite gives a 
catalytic reduction wave with a peak potential of 
about - 0.35 V [20]. The cayalytic current in- 
creases linearly with increasing nitrite concentra- 
tion in the range from parts per million to 0.1%. 
However, this catalytic current disappears almost 
completely when increasing the pH of thiocyanate 
solution to about 3.8. In thiocyanate medium, 
ferrous iron exists mainly as thiocyanate com- 
plexes, Fe(SCN)z ~ n. Depending on the concentra- 
tion of thiocyanate, they may be cationic 
(FeSCN + ), neutral (Fe(SCN),) or anionic 
(Fe(SCN))z-‘I, n 2 3). However, none of these 
complexes are reducible in the studied potential 
range. However. with the addition of a small 
amount of iron to the solution containing NO; 
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Fig. 3. Normal pulse polarogram for 30 ppb iron in 0. I M pH 
4.0 acetate buffer containing 0.05 M KSCN and 0.1 M 
NaNO,. Potential scan rate IO mV s- ‘; drop time I s: pulse 
width 25 mV. 

and SCN- , one reduction peak appears at ap- 
proximately - 0.45 V during the negative-going 
scan. Scanning in the positive direction also pro- 
duces a reduction peak, indicating a catalytic 
process. The fact that a well-defined and intense 
signal is obtained in cyclic voltammetry with iron 
concentration at ppb levels indicates the remark- 
able sensitivity associated with the catalytic pro- 
cess. Additional gains in sensitivity can be 
obtained with an adsorption period prior to the 
potential scan. As shown in Fig. 2, the peak 
current increases substantially when the accumu- 
lation period preceded the potential scan, suggest- 
ing the involvement of adsorption in the electrode 
process, Supportive evidence for the adsorptive 

electrode surface [2 1 J. Furthermore. identical re- 
sponse was observed when adding Fe3 + to the 
solution instead of Fe2 + . Apparently, ferric iron 
in the iron-thiocyanate complex is reduced to 
ferrous iron at the initial potential, leading to the 
accumulation of the ferrous iron complex. Subse- 
quent experiments were therefore conducted using 
ferrous iron solutions. 

In addition, when nitrate was substituted for 
nitrite, no obvious current peaks were observable 
between 0.0 and - 0.7 V, indicating that nitrate is 
not involved in the catalytic reaction. It is known 
that the reduction potential of nitrite is more 
negative than - 1.0 V in acidic media. It is also 
known that in acidic media, nitrite disproportion- 
ates to nitrate and nitric oxide [22]. Nitrate cannot 
be reduced before the reduction of hydrogen ions. 
A plausible explanation for the reduction current 
is that nitric oxide is involved in the electrode 
process, most probably by forming a complex 
with Fe(SCN)i ~ “, namely [Fe(SCN),,NO]’ “. It 
has been demonstrated that a ternary complex, 
[FeSCNNO] * , is formed under the experimental 
conditions [23]. After potential-controlled electrol- 
ysis at - 0.6 V. the resulting solution was tested 
qualitatively according to the proposed procedure 
[24]. A positive indication of the existence of 
hydroxyamine in the solution was observed. 

On the basis of the above results and discus- 
sion, the catalytic reduction of nitrite in 0.1 M pH 
4.0 acetate buffer solution containing iron and 
thiocyanate is typical electrochemical-chemical 
process and can be represented as follows: 

Fe2 + + SCN ~ + NO + [FeSCNNO].& (1) 

[FeSCNNO]& + e ~ + [FeSCNNO],,, (2) 

4[FeSCNNO],,, + NO, + 5H + + 4[FeSCNNO] -ads + NHzOH + H,O (3) 

character of the complex can also be found from 
normal pulse polarography (NPP). As demon- 
strated in Fig. 3, the appearance of the Barker- 
Bolzan peak in NPP indicates that the iron 
complex is strongly adsorbed on the mercury 

Great sensitivity improvement is due to the co-ex- 
istence of the adsorptive nature of the complex 
(Eq. (1)) and the electrochemicallchemical pro- 
cess of the catalytic reduction of nitrite (Eqs. (2) 
and (3)). 
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Fig. 4. Dependence of the peak current for 0.5 ppb iron on pH (A), NaNOz concentration (B). KSCN concentration (C) and 

accumulation potential (D). Conditions as in Fig. 2. 

The dependence of the peak current on the pH 
of acetate buffer is shown in Fig. 4A: the stripping 
peak current is strongly dependent on the acidity 
of the solution. Decreasing the pH from 5.4 to 4.3 
results in a sharp increase in peak current. Good 
sensitivity is attained in the pH range 4.0-4.3. 
Although the largest peak current is obtained at 
pH 3.5, this pH is not suitable for trace analysis 
of iron, due to interference from the co-existing 
catalytic reduction of nitrite by thiocyanate [20]. 

The concentration of nitrite has a profound 
effect on the catalytic-adsorptive stripping cur- 
rent. As can be seen in Fig. 4B, the stripping peak 
current for 0.5 ppb iron increases almost linearly 
with increasing nitrite concentration up to 0.05 M 
and then more slowly. Increases in response are 
obtained even at very low nitrite concentrations, 
namely less than 2.0 mM, but the optimal condi- 
tion for good sensitivity was found to be in the 
range 0.1-0.2 M. Due to the reduction of nitrite 
at a potential of approximately - 0.9 V [25], a 
broad reduction peak was observable at higher 
nitrite concentrations and was found to interfere 
with the determination of iron, especially at very 
low concentrations. 

As expected, the stripping peak current exhibits 
a strong dependence on the concentration of thio- 
cyanate (Fig. 4C). The peak current increases with 
increasing thiocyanate concentration up to 0.03 M 
and then starts to level off. In contrast, higher 
thiocyanate concentrations result in a consider- 
able decrease in peak current, presumably because 
of competitive adsorption. 

The dependence of the stripping peak current 
on the adsorption potential was examined over 
the range 0.05 to -0.3 V (Fig. 4D). The peak 
current increases as the adsorption potential be- 
comes more negative up to - 0.15 V, reaches a 
maximum between - 0.15 and - 0.2 V, and then 
decreases again until the potential of the onset of 
the reduction peak at - 0.3 V is reached. 

Optimal conditions for the determination of 
iron were therefore 0.1 M pH 4.0 acetate buffer as 
the supporting electrolyte, 0.1 M nitrite, 0.05 M 
thiocyanate and an accumulation period of 30 s at 
-0.15 v. 

The dependence of the stripping peak current 
on the concentration of iron is shown in Fig. 5, 
which displays linear scan voltammograms for 
successive increases in the iron concentration in 1 
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Fig. 5. Catalytic-adsorptive stripping voltammograms (A) for solutions of increasing iron concentration: (a) 0; (b) 1; (c) 2; (d) 3; 
(e) 4; (f) 5; (g) 6; (h) 7 ppb and (B) the resulting calibration plot in the range 0.0-200 ppb. Conditions as in Fig. 2. 

ppb steps. Well-defined peaks are obtained despite 
the very short accumulation time (30 s). The peak 
current is directly proportional to the iron con- 
centration up to 80 ppb. The resulting calibration 
plot is also shown in Fig. 5. The slope of the 
initial linear portion is 76 nA ppb ‘, with a 
correlation coefficient of 0.998. The precision was 
estimated from two series of 20 repetitive mea- 

25 nA 

/ 

0 0.4 0.8 

-E/V(vs.AgIAgCI) 

Fig. 6. Catalytic-adsorptiv*e stripping voltammograms for 0 
(broken line) and 0.25 ppb iron (solid line) in 0.1 M pH 4.0 
acetate butfer containing 0.05 M KSCN and 0.1 M NaNO,. 
Conditions as in Fig. 2. 

surements of 0.5 and 40 ppb iron solution with 
the 30 s accumulation period. The mean stripping 
peak currents were 46.8 nA and 2970 nA and 
relative standard deviations were 4.2% and 1.6% 
respectively. For the 30 s accumulation, the detec- 
tion limit, estimated from three times the standard 
deviation of repetitive measurements of 0.25 ppb 
iron under optimal conditions (Fig. 6, solid line), 
was found to be 40 ppt. which is limited by iron 
impurities in the purified electrolyte solution (Fig. 
6, broken line). 

In the catalyticcadsorptive stripping voltam- 
metric measurement of iron, interferences may be 

Table I 
Results of sample analysis (average of six determinations) 

Sample Iron found Reference Recovery (‘X) 

(wm) value (+0.5 mm) 
@pm) 

Apple 0.772 0.781 95.3 
Potato 3.15 3.35 98.2 
Tap water 0.135 0.131 102 
River water 0. I73 0.167 97.5 
KNO, 0.852 i 1 .oo 99.1 
NaOAc 4.82 25.00 103 
Na,SO, 4.36 5 5.00 96.2 
- 

“Obtained by AAS analysis. 



caused by the competitive adsorption of ions and 
their complexes on the electrode surface and com- 
petitive participation in the catalytic reaction. They 
may also be the result of the appearance of reduc- 
tion peaks next to the stripping current peak. Due 
to the high sensitivity, it is expected that the 
influence of a large excess of another reducible 
species on the determination of iron will be minor, 
even with a similar peak potential to that of the 
stripping peak potential of iron. The effect of 
co-existing ionic species and surface-active sub- 
stances on the determination of iron was investi- 
gated. More than 50 ions were examined for their 
possible interferences in the determination of 0.50 
ppb iron. It was found that large amounts of alkali, 
alkaline earth metal, halide ions, NH,, SiO:- . 
C,O:--, BO;-, SO;-, ClO,, NO, , ClO,, CO; -, 
PO: -, citrate and tartrate have no effect on the 
determination of iron. Amounts of less than 2000- 
fold (w/w) Al” + , Sn2 + , Zn2 + , Mn’ + , Hg2 + , Ce3 + 
and WO: : lOOO-fold Bi’ -, ZrO’ + , Tl +, Ti3 + . 
VO’+, Moo:-, Ga’+, Pd”, Cr3+, CrOz , Ag+ 
and Se4’; and 200-fold Nil+ have little effect on 
the determination of iron. However, Cd2 + , SbO + , 
Cu’+, In’+ and Pb” each have a reduction 
current peak in the vicinity of the stripping peak of 
iron which interfered at concentration of 0.50, 
0.60, 0.13, 0.4 and 1.0 ppm of Cd’-, SbO- Cu2 +, 
In’+ and Pb’+ respectively. In thiocyanate 
medium containing nitrite, cobalt produces a cata- 
lytic-adsorptive current peak with a similar peak 
potential to that of iron [20], which severely inter- 
fered with the measurement of iron at concentra- 
tions higher than 5.0 ppb. Furthermore, owing to 
the adsorptive properties of the ironthiocyanate- 
nitrite system. surface-active substances, such as 
natural organic surfactants, Triton X-100, Tween- 
80, sodium dodecylsulfate (SW and 
cetyltrimethylammonium bromide (CTAB) may 
interfere as a result of competitive adsorption at 
the electrode surface. For example, additions of 2.0 
ppm CTAB. Triton X-100, Tween-80 and SDS 
resulted in 9, 13, 12 and 16”/;, depressions of the 
stripping peak current respectively. Depending on 
the complexity of the sample, for direct determina- 
tions of iron, necessary sample pretreatments are 
strongly recommended. 

The proposed method was successfully applied 

to determine iron in biological samples, natural 
waters and purified chemicals. The results are 
listed in Table 1, The results are in good agree- 
ment with the reference values for iron in the 
samples. The recoveries obtained by this method 
are also good enough for practical use. 

In conclusion, the method developed in this 
paper provides a simple and fast procedure for the 
measurement of trace amounts of iron. The cata- 
lytic-adsorptive nature of the system results in a 
significant improvement in the detectability of iron, 
permitting convenient analysis of iron at sub-ppb 
levels. Good selectivity (which is better than that 
of adsorptive stripping voltammetric procedures) 
adds to the versatility of the proposed method. 
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Abstract 

A simultaneous flow-injection analysis (FIA) manifold that could analyse three ions from a single injection was 
designed, constructed, calibrated and used successfully to analyse Li+. Na+ and K+. This FIA method was 10 times 
faster than the batch technique. The sample volume required was a fraction of about l/l 10 to 1,/75 that of the batch 
technique. The outputs were quite reproducible and calibration curves were linear. Results obtained for artificial sera 
compared favourably with the actual known concentrations of ions and results obtained in the analysis of eight 
natural human blood sera compared well with those obtained by the traditional batch technique. 

Keywords: Flow-injection analysis; Blood serum; Lithium; Sodium; Potassium 

1. Introduction 

Blood electrolytes are cations and anions 
present in sera which perform various functions 
[l] for human health. Regular monitoring of these 
ions is important because deficiency or excess of 
these ions can cause serious health defects. The 
routine determination of these ions is by separate 
batch techniques [2-4 where fresh blood serum is 
taken to determine each ion, i.e. one sample for 
every ion analysis. This is time-consuming, waste- 
ful in terms of blood serum and Iabour-intensive. 
In this paper, the description of the design, con- 
struction and use of a flow-injection analysis 

* Corresponding author 

(FIA) manifold [5-71, involving sample zone 
splitting [8,9], which could analyse three blood 
ions simultaneously from just one sample injec- 
tion, is given. The process involves the splitting of 
the injected sample zone into three different coils 
of different coil lengths, the three sample portions 
reach the detector at different times and are used 
to determine the ions in turn by moving the filter 
on the detector from one ion to another. 

2. Experimental 

2.1. Appurutus and munifold construction 

The manifold designed to serve the purpose of 
one sample- three ion analysis is shown in Fig. 1. 

0039-9140/96~$15.00 C 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01808-5 
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An air compressor system was used to force 
distilled water (carrier stream) out of an enclosed 
container to flow through the tubings. The tub- 
ings were made of PVC and had an internal 
diameter (i.d.) of 1.0 mm. An injection valve, 
equipped with a simple syringe, was used to intro- 
duce the sample, reproducibly, into the carrier 
stream. A splitting system split the sample zone at 
point S into three separate coils C,, C, and C,. 
Due to the different coil lengths, the sample por- 
tions reach the detector at different times and are 
used to determine the different ions in turn. 

The splitting system, constructed on a perspex 
plate, is shown in Fig. 2. S, E, 1, 2 and 3 are 
smooth holes of 0.25 cm depth and 2.00 mm i.d. 
drilled on a perspex plate of 0.5 cm thickness. 
These holes sit on smaller holes of 0.25 cm depth 
and 1 .O mm i.d on the underside of the plate. On 
the underside of the plate, S is connected to the 
adjacent holes 1, 2 and 3 by smooth route paths 
of 1.0 mm i.d. The underside of the plate is sealed 
completely with PVC tape without blocking the 
holes and route paths. PVC tubings of 0.7 cm 
length and 1.0 mm i.d. were fixed into the larger 
holes on the upperside of the plate with a glue 
prepared by dissolving perspex powder in a 50:50 
mixture of CHCl, and THF. The holes 1, 2 and 3 
on one side are connected to 1, 2 and 3 respec- 
tively on the other side by PVC tube coils C,, Cz 
and C, respectively. Point E is a point of conflu- 
ence which all sample portions pass before reach- 
ing the detector. Thus it was possible to determine 
one ion from one sample portion and then to turn 
the filter to another ion to be determined from the 
next sample portion. The detector used was the 
single window PFP 7 flame photometer manufac- 
tured by Jenway Ltd., UK. The Endim 621-02 
recorder, produced by the “Neptum” Schlothin 
Company in Germany, was used in conjunction 
with the detector. 

2.2. Reagents 

Li+, Na’, and K+ standard stock solutions, 
used to prepare calibration curves, were provided 
by Jenway Ltd. The concentrations of the stan- 
dard stock solutions used were Li+, 1 .O mmol 
1-l: Na+, 140.0 mmol l- ‘. and K+, 5.00 mmol 

Fig. I. Manifold design for one sample-three ion analysis. 

1~ ‘. Doubly-distilled water was used as the blank/ 
carrier solution. LiCl, NaCl, NaH,PO,, KC1 and 
MgSO,.H,O used for preparation of artificial 
blood sera were of reagent grade and were prod- 
ucts of BDH (UK). 

2.3. Cdibration of’ anal~~ticrrl svstrm (Optimum 
frow conditions) 

The relative coil lengths C,, Cz and C, were 
optimised by successive injections of a 14.0 mmol 
1~ ’ Nat standard solution and adjustment of the 
lengths until the sample portions did not merge at 
the point of exit, E. The differences between the 
times when the sample portions reached the detec- 
tor were sufficient to change the filter position 
from one ion to another and for a stable baseline 
to be obtained. 

The respective dispersions D,, Dz and D, in the 
coils were determined by first aspirating directly a 
14.0 mmol 1 ’ Nat standard solution and 
recording the detector output, then injecting this 
solution using doubly-distilled water as the carrier 
stream and recording the output from the coils, 

65 cm 
t 

I 
k-1 am+ V 

I- 80 cm -1 

Fig. 2. Diagram showing construction of splitting system 
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and then calculating the dispersion, D, from the 
formula 

D = output of direct pumping 

output of coil after injection 
(1) 

Each coil had its own residence time [7] which was 
measured with a stop-clock, as the time from 
injection to output maximum. 

Optimum sample volume range was obtained 
by injecting various sample volumes of a 14.0 
mmol 1-l Na+ standard solution, recording the 
output, determining the corresponding dispersions 
in coils and the various differences between the 
times when the sample portions reached the detec- 
tor, choosing the optimum sample volume range 
as that which gave good dispersions in coils for 
reliable output and optimum time separations for 
changing filter positions, zeroing the instrument, 
and having good resolution of peaks. 

The optimum flow rate [7] was also determined 
after varying only the flow rate on subsequent 
injections of the 14.0 mmol 1-I Na+ standard 
solution until a good output, time separations for 
changing filter positions, zeroing of the instru- 
ment and good resolution of peaks were obtained. 
To measure the sampling rate [7], the time from 
injection to detection of the third ion was noted 
and the sampling rate was calculated as the num- 
ber of ions analysed per hour. Different concen- 
tration levels of the standard stock solution were 
then prepared and aspirated directly to obtain 
batch calibration plots [lO,ll] and these were then 
injected to obtain FIA calibrations plots for Li’, 
Na+ and K+. 

2.4. Pwpuration of standard solutions 

The required volumes of the standard stock 
solution were taken and diluted to different levels 
to obtain concentration ranges of 0.01 - 1 .O mmol 
1-l for Li’; 14.0&140.0 mmol IV’ for Na’; and 
0.5-5.00 mmol 1. ’ for K + which were used for 
calibration curves for Li’, Na+ and K+ respec- 
tively. 

2.5. Pretreatment of natural blood serum samples 

Eight bIood serum sampies were obtained from 

the Cape Coast central hospital. The serum sam- 
ples were diluted ten-fold by adding I ml of 1.0 
mmol 1~ ’ Li + and 8 ml of doubly-distilled water 
to 1 ml of blood serum sample. The lithium was 
added to enhance the sensitivity of the flame 
photometer for Li+ since the concentration of 
lithium in natural blood serum is very low (0.001 
mm01 I ‘). 

2.6. Preparation of urt$fiL.ial serum 

An artificial blood serum was prepared by tak- 
ing 4.24 x 10 - 2 g of LiCl, 8.0716 g of NaCl, 
0.1304 g of NaH,PO,, 0.381 g of KC], 0.2792 g of 
CaCl, and 0.1408 g of MgSO,.H,O. dissolving in 
doubly-distilled water and diluting the mixture to 
the 1 1 mark [12]. This gave concentrations of Li+, 
1.000 mmol I-‘: K+, 5.113 mmol I-‘; and Na+, 
146.3 mmol I - ‘. Similar preparations of other 
solution mixtures was done to obtain four other 
solutions with concentrations as follows: 

Li+ (mM) K+ (mM) 
0.500 3.00 
0.700 3.50 
0.800 4.00 
0.900 4.50 

Na- (mM) 
138.0 
140.0 
142.0 
144.0 

These fiv-e solutions were used for the analysis. 

2.7.1. Batch process 
The various standard solutions were first aspi- 

rated directly into the flame photometer and the 
results were used to obtain batch calibration plots 
for Li’, K’ and Na-. The volume aspirated in 
each case was 3.0 x 1 O3 ~1, giving a total of 
9.0 x lo3 /tl for the three ions. The eight different 
natural sera were aspirated directly and the con- 
centrations of the ions were determined. 

2.7.2. FIA process 
100 ~11 portions of the standard solutions were 

injected into the carrier stream and the readings 
obtained were used to plot calibration curves for 
Li+. K- and Na+. After sample injection, the 
sample splits into the coils C,. C, and C,. The 
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Table I Table 3 
Actual concentration of Li’ vs. FIA results for artificial serum Actual concentration of K+ vs. FIA results for artificial serum 

Actual cont. 
(mm01 I ‘) 

FIA cont. 
(mm01 I ‘) 

“h Deviation 

0.500 0.503 0.60 
0.700 0.701 0.14 
0.800 0.795 0.63 
0.900 0.902 0.22 
I.000 1.005 0.50 

Actual cont. 
(mm01 I ‘) 

3.000 
3.500 
4.000 
4.500 
5.1 I3 

output reading for Lit was taken from the sample 
portion in C,. When all the sample in C, had 
passed through, the filter knob was turned from 
Li + to Na + within 10 s and the instrument zeroed 
again to obtain a stable baseline as the carrier 
stream passed. The sample portion in Cz reached 
the detector 5 s later and a reading was taken for 
Nat. When the sample in C, had passed through, 
the filter knob was turned from Na’ to K’ 
within 10 s and the instrument zeroed again. The 
sample portion in C, reached the detector 10 s 
later and a reading was taken for K+. 

3. Results and discussion 

The artificial sera [2] containing the different 
concentrations of Li’, K’ and Nat were in- 
jected, after ten-fold dilution, to determine the 
ions with the FIA system in order to compare the 
FIA results with the actual known concentrations 
in the artificial sera. Percentage deviation and 
correlation curves [12] were used to compare the 
two sets of values. 

The i.d. of the tubings used was 1.0 mm. Opti- 
mised coil lengths were found to be C, = 6.0 cm, 
C, = 100 cm, C, = 210 cm. and the differences 
between the times when sample portions reached 
the detector were C, to C, = 15 s and C, to 
C, = 20 s. The dispersions in the coils were D, = 
3.46 (limited dispersion). D, = 13.2 (about 
medium dispersion) and D, = 25.7 (large disper- 
sion). After considering the relative sensitivities of 
the flame photometer for the ions Li+, Na+ and 
K-. the allocations of the coils to the ions were 
C, for Li+, C, for Na+ and C, for K+ so as to 
enhance the sensitivity of the flame photometer 
for all three ions. The residence times (T) for coils 
C,, C, and C, were r,., = 8.0 s, T,. = 31 s and 
T(-, = 100 s. 

The eight different natural sera were then in- 
jected and the ions determined by the simulta- 
neous FIA method. 

Table 2 
Actual concentration of Na+ vs. FIA results for artificial 
serum 

Actual cont. 
(mm01 I-‘) 

FIA cow. 
(mm01 I-‘) 

‘%I Deviation 

138.0 I36 I.1 
140.0 I41 0.57 
142.0 I42 0.14 
144.0 I45 1.0 
146.1 146 0.34 

For FIA, the optimum sample volume range 
was 80.0- 120 ~1 whilst the batch method required 
9.0 x 10’ ~11 (9.0 cm3) for three ions. Thus, the 
FIA sample volume was about l/l 10 to l/75 times 
smaller than that required for the batch tech- 
nique. The optimum flow rate obtained and used 
in the process was 5.0 ml min ~ ‘. The FIA sam- 
pling rate was 108 samples per hour whilst that of 
the batch technique was 10.5 samples per hour. 
Thus, the FIA method was 10.3 times faster than 
the batch technique. Data obtained for each ion 
in various standard solutions were quite repro- 
ducible and calibration plots were considerably 
linear, showing that the FIA design was reliable. 
FIA results compared with actual known concen- 
trations of ions in artificial blood sera are shown 
in Tables l-3. The correlation plots of actual 
concentrations versus FIA concentrations were 

FIA cont. 
(mm01 I ~‘) 

3.02 
3.50 
4.00 
4.49 
5.25 

‘%I Deviation 

0.67 
0.11 
0.03 
0.22 
2.7 



Table 4 
Batch and FIA results for natural sera 

Blood serum Li + cont. (mm01 I ‘) K+ cont. (mmol I-‘) 

Batch FIA ‘% Deviation Batch FIA ‘:i, Deviation 

Na’ cone (mmol I-‘) 

Batch FIA ‘%, Deviation 

0.001 0.001 I 
0.002 0.002 
0.001 0.001 
0.000 0.000 
0.002 0.002 
0.002 0.00 I9 
0.003 0.0029 
0.000 0.000 

IO 3.80 4.00 5.3 
0.00 3.70 3.40 8.1 
0.00 3.75 3.40 9.3 
0.00 3.90 3.80 2.6 
0.00 3.50 3.00 14.0 
5.0 3.30 3.00 9. I 
3.3 4.80 4.72 8.0 
0.00 4.00 4.0 0.00 

straight lines passing through the origin with 
slopes of 0.99, 1.40 and 0.98. These results show 
the reliability and acceptability of the simulta- 
neous FIA design. 

The batch and FIA results of eight natural 
sera and the percentage deviations are shown in 
Table 4. The Li+ concentrations for the eight 
natural sera were obtained after the added 
lithium was subtracted from the total lithium 
concentration. 

4. Conclusions 

FIA results for the artificial blood sera were 
quite similar to the actual known concentrations 
of ions. Also, FIA results for the natural blood 
sera were quite similar to those obtained with 
the batch technique. 

The FIA method was 10 times faster than the 
batch method and required a sample volume 
that was l/l 10 to l/75 times smaller that that 
for the batch technique. Hence the FIA method 
saved time and sample. 

144 I42 0.90 
135 I34 0.96 
I IO 107 2.7 
120 I18 2.1 
I30 30 0.08 
I21 20 0.91 
130 134 2.8 
122 I22 0.41 
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Abstract 

A simple, precise, rapid-colour-forming and stable spectrometric method has been developed for determining free 
chlorine in water. p-Amino-N,N-diethylaniline reacts with free chlorine almost instantaneously in the presence of 
alcohol to form a red oxidized product with absorption maximum at 513 nm. Beer’s law is obeyed in the free chlorine 
concentration range of O-2 pg ml- ‘. The molar absorptivity is 1.79 x IO4 1 mol-’ cm- ‘, limit of detection 0.0036 
peg ml-‘, relative standard deviation 1.51%. and amount of free chlorine 7 pg. The colour reaction rate and 
absorbance are independent of temperature in the range 3S45”C and the stable absorptivity lasts for at least I h. The 
method is satisfactory for the determination of free chlorine in aqueous solution. 

Keywords: Chlorine determination; p-Amino-N,N-diethylaniline; Colour reaction 

1. Introduction 

The methods of determining free chlorine were 
critically reviewed by Nicolson [I] early in !965. 
Although a lot of methods, such as ion-selective 
electrode [2], pneumatic current [3], chromatogra- 
phy [4] and some new amperometry [5-71 and 
spectrophotometry [& 131 methods have been es- 
tablished, the most frequently used method is still 
N,N’-diethyl-p-phenylenediamine (DPD) spec- 
trophotometry [14]. However, this method re- 

* Corresponding author. Fax: (86) 73 I-8882461 

quires modification as the colour fades with time, 
the absorbance is affected by temperature and 
some oxidizing agents interfere greatly with mea- 
surement [l]. In the present paper, a new method 
is reported for determining free chlorine based on 
its colour reaction with p-amino-N,N-diethylani- 
line sulfate (TSS) [15] in the presence of ethyl 
alcohol. Its principal advantages are the rapid 
colouring at room temperature, stable ab- 
sorbance, the non-temperature dependence of the 
reaction rate and absorbance, wide linear range, 
simple and convenient procedure, and relatively 
high sensitivity and reproducibility. 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01809-3 



2. Experimental 

2.1. Apparatus 

A spectrophotometer {Model 72G, Shanghai 
Analytical Instrument Factory) with a stoppered 
comparison cell of 1 cm optical path and a pH 
meter (Model 25, Shanghai Kanchuan Metals 
Factory) were used. 

2.2, Reagents 

The following reagents were used. 
Alcohol (anhydrous). 
EDTA solution (pH 4.5) 0.3 mol l- ‘. 
TSS alcohol solution. A mixture of 1.3 g TSS and 

2.0 ml of 1:9 H,SO, was dissolved in alcohol and 
diluted to 100 ml. The solution was stable for up 
to 9 months in a light-proof bottle in a refrigerator. 

HAcNaAc buffer solution of pH 4.7 (25°C). 
20 g anhydrous sodium acetate was dissolved in a 
small amount of water, pH was adjusted to 4.7 
with glacial acetic acid and the solution was di- 
luted to 1000 ml with alcohol. 

Chlorine solution. 8 g manganese dioxide and 8 
g potassium permanganate were ground together 
in a mortar. 60 ml of 36% hydrochloric acid was 
slowly added to the mixture in a conical flask, The 
chlorine liberated was passed into 400 ml of 1 mol 
1-I sodium hydroxide solution, whose pH had to 
be kept above 10 to prevent the formation of 
chlorate. The hypochlorite solution, whose con- 
centration was determined by iodimetric titration 
to be in the range 0.19-0.25 mol l- I, was placed 
in a light-proof bottle in a refrigerator. The stock 
standard solution should maintain its titre for 6 
months in an amber-coloured polypropylene bot- 
tle. The 1.70 mg 1 - ’ solution was obtained by 
subsequent dilution. Redistilled water was used. 
Other reagents were of analytical grade. 

2.3. Procedure 

Add 2.0 ml of the buffer solution, 1 .O ml of TSS 
solution and 334 drops ( z 0.18 ml) of the EDTA 
solution to 12.5 ml comparison tubes. Shake the 
mixture, and then take a known volume of 
aqueous solution containing about 12 /lg of free 

chlorine in the tubes. After shaking the mixture, 
add 2.5 ml of the alcohol immediately and shake 
vigorously. Then dilute the solution to the mark 
with water and shake again. Measure the ab- 
sorbance at 513 nm against the reagent blank 
prepared in the same manner. 

3. Results and discussion 

3.1. Absorption spectru 

As shown in Fig. 1, under the experimental 
conditions the colour product exhibited maximum 
absorption at 513 nm. Pure TSS showed no peak 
in the wavelength range 400-600 nm. 

3.1.1. Effect of acidity 
The experimental results showed that pH 3.55 

4.9 is suitable for colouring acidity (that is, the 
acidity having influence on the colour reaction) 
(see Fig. 2). As is well known, free chlorine in 
water exists primarily as Cl,, HClO or Cl0 -, 
depending on pH. Their distribution calculated 

A 

400 450 550 600 

Ajnrrl 

Fig. I. Absorption spectrum of the colour reaction products 
(against reagent blank as reference). 
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E/V I 

\ HCIO - CIO- 

1.0 

0.8 

0.6 

A 

0.1 

0.2 

b0 

Fig. 2. The absorbance and redox potentials of chlorine species 
as functions of pH. The potentials (SHE) were obtained by 
cyclic voltammetry at a Pt electrode [I I]. 

from equilibrium constants [ 161 as a function of pH 
illustrates that free chlorine exists primarily in the 
form of HClO in the pH range 3.5-4.9. From Fig. 
2 it can be seen that pH should be controlled in the 
range 4.554.9 in order to maintain the relative high 
potential relating to HClO, which influences the 
colour sensitivity, and to prevent interference from 
such non-free chlorine species as ClO; and ClO< . 
Hence, pH 4.7 was selected in the experiment. 

3.1.2. EfJ;t of’ reagent amounts 

3. f.2.1. TSS Solution. The maximum, stable ab- 
sorbance was attained as 0.552.0 ml TSS solution 
was added under the selected conditions. There- 
fore, 1.0 ml was selected. 

3.1.2.2. HAc-NaAc buffer solution. The experi- 
ment showed that 1.0-8.0 ml buffer solution was 
suitable and 2.0 ml was recommended. 

3.1.2.3. Alcohol. The colouring rate in the non-al- 
cohol medium was slightly slower than in the 
alcohol medium and the absorbance was not sta- 
ble. The colour compound is the more stable, the 
greater the alcohol content. The absorbance was 
stable for at least 1 h and increased by 10% in a 

0 i III--L- 
a 10 20 30 40 SO 60 

Timelmin 

Fig. 3. Curves showing the dependence of the stability of the coloured product on alcohol content (volume ratio: (I) 0%; (2) 15%; 
(3) 30%: (4) >45’%). 
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Table I 
The tolerance limits in the determination of IO ~(g free chlorine 
with TSS in the presence of alcohol 

Ion added Amount tolerated (pg) 

As(V), Pb(IV) 1600 
Ni(lI) I200 

WII), Hg(II) IO00 
AI(III), Mo(VI), W(V1) 800 
Pb(I1) 600 
Fe(III), Cu(Il), Sn(IV). Co(I1) 400 
CIO; 75 
NO?- 70 
VW) 40 
CIO; 38 
Mn(Vt1) 2 
Cr(V1) 0.4 

solution of 3 45”/;1 alcohol (volume ratio). The 
results are shown in Fig. 3. Therefore a volume 
ratio of 45% was chosen. 

3.1.2.4. EDTA. Some metal ions such as Fe’+ 
and Al’+, which can oxidize TSS or produce 
hydroxide precipitation, will form complexes with 
EDTA. Maintaining 0.16% EDTA in the medium 

was recommended. The absorbance will decrease 
as the concentration of EDTA increases. 

3.2. Temperature 

The experiment showed that the colouring rate 
and absorbance were virtually unaffected by tem- 
perature in the 3-45°C range. 

3.3. Analytical charucteristics 

A calibration graph, shown in Fig. 4, was plot- 
ted. Beer’s law is obeyed over the concentration 
range O-2 pug free chlorine in 1 ml of the final 
solution. The molar absorptivity is 1.79 x lo4 1 
molt ’ cm ’ and the limit of detection 0.0036 118 
ml-‘. 

3.4. Interfkrences 

The influences of 39 diverse ions were exam- 
ined. The ions were added individually to the 
tested solution. Ions such as Cl ~, Br ~, I -, NO,, 
SO;-, AC ~, C,O;-, HPO;-, H,PO,, AsO;-, 
H,Y’-. K’, Na+, NH:, Ca*+, Mg”+, Ba*&, 

Free Chlorine (pgiml) 

Fig. 4. Calibration graph 



Table 2 
Free chlorine in tapwater (1’~ ml--‘) 

Sample Parallel measurements with (A) 

1 0.93 0.95 0.93 O.Y? 0.96 0.95 
2 0.83 0.84 0.84 0.83 0.85 0.85 
3 0.99 0.96 1.00 0.99 0.98 0.97 

Av of (A) RSD (%a) Av. of (B)“ 

0.94 I .65 0.93 
0 84 2.26 0.84 
0.98 I.51 0.97 

“ A reference method: 0 - toluidine method [l7]. 

Bi’+ , Mn’+ and Fe’+ did not influence the 
determination of free chlorine. The tolerance limits 
(error < 5%) of other ions are listed in Table 1. The 
interference of Cr(V1) and Mn(VII) was serious. 
However, it might be eliminated by the use of a 
hydrophobic, gas-ventilating membrane such as a 
microporous poly(tetrafluoroethylene) separator 
through which the free chlorine can pass into the 
solution of TSS, which will, as a colour reagent. 
react with it after the tested solution is acidified 
with hydrochloric acid because the free chlorine 
exists as Cl, in the medium. 

3.5. Applicutions 

The method (A) has been applied to tapwater 
samples. The results are shown in Table 2. 

4. Conclusion 

The colour reaction of free chlorine with TSS in 
the presence of ethyl alcohol provides a simple and 
rapid spectrophotometric approach for determin- 
ing free chlorine. The method has a wide linear 
range, good reproducibility and excellent colour 
stability. The molar absorptivity is 1.79 x 10” I 
mol.- ’ cm ~ ‘, limit of detection 0.0036 pg ml ‘, 
relative standard deviation 1.51%. and amount 
of free chlorine 7 jog. The colouring is almost 
instantaneous and both its rate and absorbance 

are independent of temperature in the range 
3-45°C. 
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Abstract 

A new pyridylazo reagent, 5-(5-nitro-2-pyridylazo)-2,4-diaminotoluene (5-NO,-PADAT) has been synthesized. and 
found to be a good chromogenic reagent for palladium. In sulfuric acid, hydrochloric acid and perchloric acid 
palladium reacts with 5-NO?-PADAT to form a I:1 chelate, exhibiting an absorption maximum at 592 nm. The 
apparent molar absorptivity is 1.25 x 10’ 1 ’ mol- ’ cm-‘. Beer’s law was obeyed in the range O-0.9 p(g ml ’ Pd. 
Relatively large amounts of co-existing elements. including all other noble metals. can be tolerated. The method is 
simple and rapid, with high sensitivity and good selectivity and was applied to the determination of palladium in some 
industrial samples with satisfactory results. 

Kr,wordsr 5-Nitro-PADAT: Palladium: Spectrophotometry 
.~ 

1. Introduction 

A heterocyclic azo reagent is a good chro- 
mogenic reagent for spectrophotometric determi- 
nation of palladium [l-6]. Its good selectivity is 
well known, but its sensitivity is not so good. 
Therefore, one would expect to obtain a new 
chromogenic reagent for palladium with high sen- 
sitivity and good selectivity by introduing a nitro 
group in the heterocyclic ring. In this paper, the 
preparation of 5( %nitro-2-pyridylazo)-2.4-di- 

* Corresponding author. 

aminotoluene ( 5-N02-PADAT), and the chro- 
mogenic reaction of this reagent with palladium in 
aqueous solution are reported. Its structure is 

0,s I 

_-:._.,,:;‘:*~ 

I-l& 
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Table I 
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Sensitivities of some typical reagents for palladium 

Reagent Acidity and Medium 

5-Cl-PADAB 0.01-2.4 M HCI 
5-Cl-PADAT 0.001L0.3 M HCI 
2.4-TADAT 0.5 3.5 M HCIO, 
DMTAA 0.9-3.5 M HCIO, 
BTASTP 0.64-3.2 M HNO, 
BTASCP 0.32- 3.2 M HNO, 
BTASTA 0.96-2.56 M HNO, 
BTADMTA 0.32-3.2 M H,SO, 
TEADAT’ pHl.42 (0.25 M NaCI) 
BTAMB pH2&6.0 
Phen, Cadion A, Peregal 0 ~H8.2~ 10.5 (Na,B,O,-HCI) 
5-NO?-PADAT 0.18-4.6 M H$O, 

’ TEADAT: 3-(5’-tetrazolylazo)-2. h-diaminotoluene. 

5-NO,-PADAT reacted with palladium (II) in 
relatively strong acidic medium at room tempera- 
ture to form a 1: 1 chelate. The absorption maxi- 
mum is at 592 nm and the molar absorptivity is 
1.25 x lo5 1 mol - ’ cm ~ ‘. Compared with other 
typical reagents for the determination of palladium 
shown in Table 1, 5-N02-PADAT is the most 
sensitive. Relatively large amounts of other metal 
ions. including noble metal ions, do not react. 

A simple, rapid spectrophotometric method for 
determination of palladium with high sensitivity 
and good selectivity is proposed, and was used to 
determine palladium in industrial samples with 
satisfactory results. 

2. Experimental 

2.1. Rrugen ts 

The following reagents were used. 
Pd standard solution. 0.1000 g of pure palladium 

(99.99%) was dissolved in 50 ml of aqua regia. 1 ml 
of 20”/0 sodium chloride was added, and the solu- 
tion was heated until it was nearly dry. 2 ml of 
hydrochloric acid was added and the mixture was 
evaporated almost to dryness, repeating three 
times. The residues were dissolved in 1 M hy- 
drochloric acid, transferred to a 100 ml volumetric 
flask and diluted to volume with 1 M hydrochloric 
acid. The concentration of this solution was 1 .OOO 

krx (nm) 10m4c (I mol ’ cm-~‘) Ref. 

572 6.5 111 
580 6.9 121 
590 5.7 [31 
648 6.1 [41 
690 6.3 ISI 
688 5.85 [51 
695 6.08 [51 
718 6.65 I61 
536 5.2 [71 
695 4.96 181 
490 8.01 [91 
592 12.5 Present method 

mg ml-‘. and it was diluted with water to contain 
10.0 pg ml - ’ Pd as required. 

5-NO,-PADAT solution, 1.0 x lop3 M in ethyl 
alcohol. 

Sulphuric acid (1: 1). 
0.25 M sodium acetate-O.25 M acetic acid buffer 

solution was used for pH adjustment. 
All chemicals used were of analytical-reagent 

grade. and all solutions were prepared with redis- 
tilled water. 

2.2. Appurutus 

Absorbances and absorption spectra were 
recorded with a Model 722 (Shanghai Analytical 
Instrument Factory) and a Hitachi Model U-2000 
spectrophotometer with 1 cm cells respectively. 
The pH measurements were made with a Model 
pHS-3E pH meter (Jiangsu Electroanalytical In- 
strument Factory). Elemental analyses were done 
with a PE Model PE-2400 analyzer. A Mattson 
Model PK-6000 infrared spectrophotometer and a 
Bruker Model AC-80 NMR spectrometer were 
used for recording IR and NMR spectra. 

2.3. Synthesis of 5-NO,-PADAT 

Preparations of 5-nitro-2-amino-pyridine and its 
diazotate were described in Refs. [lO,l 11. 

Preparation of 5-NO,-PADAT. Dissolve 5.7 g 
(0.03 mol) of diazotate of 5-NO,-2-amino-pyridine 
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in 81 ml of aqueous ethanol solution (1: l), and 
cool the solution to 0°C. Dissolve 3.8 g of 2,4- 
diamino-toluene in 30 ml of ethanol, and add 
7.8 ml of hydrochloric acid solution (1:3). Add 
this solution dropwise to the diazotized solution 
with vigorous stirring. Stir for 2-3 h, continue 
stirring for 2 h at room temperature, and then 
let the mixture stand overnight. Filter off the 
precipitate, wash with ethanol and recrystallize 
from ethanol. Purple lustrous flakes were ob- 
tained (m.p. 238.3”C), and the yield was about 
40%. The structure has been verified by elemen- 
tal analysis, IR and ‘H NMR. Elemental analy- 
sis: C,2H,,02N, requires 52.93% C, 4.44% H, 
30.87% N; found 53.06% C, 4.37% H, 29.80% 
N. IR(KBr): ras(NH,) 3503 cm-‘, vs(NH,) 
3400 cm-‘, vas(CH,) 2918 cm-‘, vs(CH,) 2860 
cm- ‘, ras(N0,) 6NH vCC vN=N 1640, 1588, 
1498. 1408 cm - ‘, vs(N0,) 1334 cm-‘, 6C-N 
1292 cm- ‘. ‘H NMR (solvent: DMSO): SCH, 
2.05 ppm, 6NH, 3.53 ppm, bH, 5.92 ppm, SH, 
7.30 ppm, SH,. 7.73, 7.85 ppm, 6H,. 8.39, 8.42, 
8.50, 8.53 ppm, SH, 9.20, 9.23 ppm. 

was soluble in various organic solvents, e.g. 
ethanol dioxane, tributylphosphate, DMSO and 
DMF. The dissociation equilibrium of the reagent 
was studied by a spectrophotometric method as 
described in Ref. [12]. Four species of this reagent 
(H,L3 + , H,L’+ , HL + and L) were involved in 
the acid-dissociation behaviour. These four forms 
are related by the following equilibrium. 

The absorbance curves of these four forms as a 
function of [H ‘1 (H, or pH) are plotted in Fig. 1. 

The dissociation constants were determined by 
finding the centers of these curves for select- 
ed wavelengths. The mean values were pK,, = - 
5.35 f 0.05, pK,, = 0.05 -t 0.05. PK,T= 
6.10 f 0.05. The pK,,-value is assigned to the de- 
protonation of the nitrogen atom of the pyridyl 
ring; pK,, and pK,, correspond to the deprotona- 
tion of the 4 and 2-amine groups respectively. 

3.2. Absorption spectra 

The absorption spectra of 5-NO,-PADAT and 
its palladium chelate were recorded and are 

A,,, (nm) 

isosbestic point (nm) 
E (1 mol-’ cm-‘) 

H 
PK, , 

L3+ a 
3 - tl+ 

445 
(42% 
5.36 x lo4 

PK.,, P&J 
H 2 L’+ -- HL+ $ L 

G H+ 

420 438 534 
(42% (467) 
5.48 x lo4 5.54 x lo4 3.41 x lo4 

2.4. Gene& procedure 

Transfer an aliquot of solution containing up to 
9 pg of Pd (II) to a 10 ml volumetric flask. Add 
1 ml of H,SO, (1:l) solution and 0.5 ml of 
1.0 x 10 ~ ’ M 5-NO,-PADAT solution. Dilute to 
volume with water and mix well. After 10 min 
record the absorbance at 592 nm in a 1 cm cell 
against a reagent blank. 

3. Results and discussion 

3.1. Properties of the reagent 

The reagent was sparingly soluble in water, but 

shown in Fig 2. The absorption maximum of the 
reagent lies at 421 nm and the chelate has two 
absorption peaks, at 552 and 592 nm. The latter 
was chosen for measurements as its sensitivity is 
higher, and the absorbance of the reagent itself is 
smaller at 592 nm. 

3.3. EJkct of ucid medium and its concentrution 

The colour reaction could be performed in sul- 
phuric acid, hydrochloric acid or perchloric acid 
medium. The absorbance was at an equal maxi- 
mum in 0.18-4.6 M H,SO,, 0.066 1.5 M HCl and 
0.06-3.6 M HClO,. Subsequent determinations 
were therefore carried out in 0.9 M sulphuric acid. 
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0. 

0. 

Ho PH 

Fig. I. Absorbance vs. pH curves for 5-N02-PADAT and its palladium complexes, I cm cell, 8.0 x IO-” M reagent, at (1) 445 nm, 
(2) 420 nm, (3) 400 nm, (4) 438 nm. (5) 438 nm, (6) 534 nm. Complex [Pd (II)] = 3.48 x 10mh M with a large excess of reagent, at 
(A) 664 nm. (B) 507 nm, (C) 592 nm. 

3.4. EfSect of the reugent concentration 

The absorbances of a series of solutions con- 
taining 4.0 pg of palladium and various 
amounts of 1 .O x 10 ~ 3 M 5-NO,-PADAT solu- 
tion were measured. It was found that 0.1 ml of 
1.0 x 10 ~’ M 5-NO*-PADAT solution sufficed 

to complex 4.0 pug of Pd; with higher reagent 
concentrations the absorbance was essentially 
constant. Therefore 0.5 ml of the reagent solu- 
tion was used. The time for the absorbance to 
reach a stable value was only 5 min at room 
temperature and the absorbance was stable for 
at least 72 h. 

0. 6 

c 

Wavelength (nm) 

Fig. 2. Absorption spectra of 5.NO,-PADAT and its palladium chelate, I cm cell: (1) 5-N02-PADAT (1 .O X 10 - 5 M) VS. 
H,0;(2) Pd(II) chelate (3.48 x 10 -’ M) vs. reagent blank. 



H. Yung et al. :’ Talonta 43 (1996) ?47- 753 751 

Table 2 
Tolerance limits for the determination of palladium” 

Ion added Amount tolerated (mg) 

and the correlation coefficient was 0.9998. The 
apparent molar absorptivity was 1.25 x lo5 1 
molI’ cm-‘, and the Sandell sensitivity was 
8.51 x lop4 pg cm-*. 

NaCl 
KNO,, KBr, LizSO, 
Sn(IV), Cd(II), Zn(I1) 
Fe(II1) 
AI(I11) 
MgUI), Ca(lI) 
WV 
Cu(I1) 
Ni(I1) 
Mn(I1) 
Co(II), Bi(III), As(II1) 

H&II) 
Cr(II1) 

VW) 
Ti(III), Ge(IV). Au(II1). Rh(II1). 
Ir(III), Ru(lll), Pt(IV), Os(II1) 
&(I) 
Pb(l1) 
Mo(V1) 

300 
100 

20 
16 
I4 
10 
8 
7 
6 
3 
2 
I 
0.3 
0.2 
0.1 

0.08 
0.06 
0.04 

a The solution contained 4.0 ;lg of Pd(I1). 

3.5. Composition of the chelate 

The composition of the chelate was determined 
by the continuous variation and molar ratio 
methods. Both indicated that a 1:l palladium 
reagent chelate was formed. 

3.6. Calibrution graph 

The calibration graph obtained by the general 
procedure showed good linearity over the range 
O-O.9 pg ml-’ palladium. The linear regression 
equation was A = 1.158x+0.011 (x: pg ml-‘), 

Table 3 
Results for the determination of palladium in the industrial sample 

3.7. Efect of diverse ions 

Numerous cations and anions were examined 
by applying the method to a fixed amount of 
palladium in the presence of increasing amounts 
of the ion being studied. The tolerance limit was 
taken as the amount that caused an error of 
k 5% in the absorbance. For the determination of 
4.0 pg of palladium by this method, the foreign 
ions can be tolerated at the levels given in Table 2. 
It was shown that cations and anions examined, 
including all other noble metal ions, do not inter- 
fere in the determination of palladium. 

3.8. The probable mechanism of the reaction 

Reactions of palladium with 5-NO,-PADAT at 
different acidities were investigated by the spec- 
trophotometric method, and the results are shown 
in Fig. 1. At pH 6-8 the major species of the 
reagent is L, it reacts with Pd(I1) to form chelate 
A (L,, = 664 nm); at pH 3.225.2 the major spe- 
cies of the reagent is HL +) it reacts with Pd(I1) to 
form chelate B (,i,,, = 507 nm); at H, = - 2-O 
the major species of the reagent is H2L2+, it 
forms chelate C (A,,, = 592 nm) with Pd(I1). At 
pH O-2 the majority species of the reagent is 
HL+. it reacts with Pd(I1) to form chelate B, 
which could easily change into chelate C by pro- 
tonation of the P-nitrogen of the azo groups. 

Sample 2,4-TADAT method Proposed method 

x (%I) RSD (‘X,) x (‘X,) RSD (‘1%) 

Molecular sieve? 0.204 0.7 0.206 0.4 
Ni-alloy’ 0.0925 1.0 0.0889 0.9 

a Mean of nine determinations. 
b Na,O’Al,0,.2SiO, containing a trace of Pd. 
’ Major composition (‘%): Ni, 85; Cu, IO; Fe, 3; Co, I. 
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Therefore, in the range H, = - 2-pH 2, 5-N02- 
PADAT reacts with Pd(I1) to form chelate C 
despite the two different major species of the 
reagent, this was used in the analysis. The struc- 
tures of chelates A-C are 

general procedure. The results obtained are con- 
sistent with those obtained by the 2,4-TADAT 
spectrophotometric method [3] (Table 3). 

Chelate B 

Chelate C 

3.9. Applications 

The proposed method has been applied to the 
determination of palladium in nickel alloys and 
molecular sieves. The procedure was as follows. 
Dissolve an accurately weighed sample in 20 ml of 
aqua regia and evaporate the solution to 10 ml. 
Add 0.5 ml of 20% sodium chloride, and evapo- 
rate the mixture until nearly dry. Add 2 ml of 
hydrochloric acid and heat the solution almost to 
dryness, repeating 2-3 times. Dissolve the 
residues in 1 M hydrochloric acid, and filter. 
Transfer the filtrate to a 100 ml volumetric flask, 
dilute to volume with 1 M hydrochloric acid and 
mix well. Take an appropriate aliquot of the 
sample solution and determine palladium by the 
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Abstract 

A sallcyiate-selective membrane electrode made with heptyl-4-trifluoroacetylbenzoate as a neutral carrier was 
successfully applied for the determination of salicylate in blood serum. This procedure is advantageous because the 
free concentration of the drug in serum can be determined without sample preparation. The free salicylate 
concentrations determined by the ion-selective electrode compared to those obtained by conventional calorimetry 
gave a linear correlation coefficient 0.997 in the salicylate concentration range 0.1-2.5 mM. 

Kqw~rds: 3food serum: Ion-selective electrode; Salicylate assay 

1. Introduction 

Ion-selective electrodes have become important 
and useful in chemkal and medical analyses ilp3J 
We are interested in applying these electrodes to 
therapeutic drug monitoring in clinical analysis. 
Such monitoring is fundamental to pharmacother- 
apy, as it can be used to adjust the doses of drugs 
with similar therapeutic and toxic concentration 
ranges 141. So far, a lithium ion-selective electrode 
has been successfully applied for monitoring 
blood concentration of lithium carbonate, which 
is administered to patients with manic disorders 
[5], and currently this electrode is widely used in 
clinical laboratories because of its easy handling. 
in addition to this electrode, we introduced new 
ion-selective electrodes to monitor the blood levels 
of the antiepileptic and antiarrhythmic drugs bro- 

* Corresponding author. Tel.: + 81 86 25 I 7955; fax: + 81 
86 255 7456 

mide [6] and procainamide [7] respectively. As an 
extension of these studies, we applied a salicylate- 
selective electrode to drug monitoring in blood 
serum. Although various salicylate electrodes 
have been developed and applied to pharmaceuti- 
cal and clinical analyses [2,8,9], the direct determi- 
nation of salicylate in blood serum in situ has not 
yet succeeded owing to the low sensitivity of the 
electrodes under physiological conditions [9,10]. 
We were particularly interested in constructing a 
new salicylate-selective electrode using a carbon- 
ate ionophore [l 11. This ionophore, of course, had 
originally been developed to make a carbonate 
ion-selective electrode [l 11, but was also found to 
be suitable for constructing a certain specific car- 
boxylate electrode such as a benzoate electrode 
[12]. In the present study, we applied this 
ionophore for the construction of a salicylate 
electrode, which was especially effective for deter- 
mining free salicylate concentration in blood 
serum. 

0039-9140/96/$15.00 C 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039.9140(95)01821-2 
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2. Experimental 

2.1. Reagents 

The sources of the reagents were as follows: 
carbonate ionophore I (ETH 6010, heptyl-il-tri- 
fluoroacetylbenzoate), methyltridodecylammon- 
ium chloride (MTDACI) and o-nitrophenyl octyl 
ether (NPOE) from Fluka (Buchs, Switzerland); 
poly(viny1 chloride) (PVC; degree of polymeriza- 
tion 1020) from Nacalai Tesque (Kyoto, Japan); 
sodium salicylate from Kanto Kagaku (Tokyo, 
Japan); acetylsalicylic acid (aspirin) from Wako 
(Osaka, Japan). All other chemicals used were of 
analytical-reagent grade. 

2.2. Electrode system 

The salicylate-selective electrode was based on a 
PVC membrane [11,12] and its components were 
1.7 mg of carbonate ionophore I, 1.2 mg of 
MTDACl (40 mol% relative to the ionophore), 30 
mg of NPOE and 30 mg of PVC. The materials 
were dissolved in tetrahydrofuran and poured into 
a flat Petri dish (30 mm diameter) from which the 
solvent was allowed to evaporate at room temper- 
ature. The resulting membrane was cut out and 
stuck to a PVC tube (4 mm o.d., 3 mm i.d.) using 
tetrahydrofuran as the adhesive. The PVC tube 
was filled with an internal solution of 1 mM 
sodium salicylate and 10 mM NaCl, and the 
sensor membrane was conditioned overnight. The 
electrochemical cell arrangement was: Ag, AgCl 1 
internal solution/ sensor membrane 1 sample solu- 
tionl 1 M lithium acetate (salt bridge) / 10 mM 
KC1 / Ag, AgCl. The electromotive force (e.m.f.) 
between the silver/silver chloride electrodes was 
measured using a voltmeter of high input im- 
pedance made with a field-effect transistor opera- 
tional amplifier (LF356; National Semiconductor, 
Sunnyvale, CA; input resistance > 1012Q) and 
recorded. The selectivity coefficients of the elec- 
trode were evaluated by the fixed-interference 
method [13] using the respective sodium salts. The 
detection limit was defined as the intersection 
point of the extrapolated linear regions of the 
calibration graph [ 131. 

A typical procedure for determining salicylate 
in serum was as follows. The electrodes were 
placed in 100 ~1 of serum under constant stirring 
with a stirring bar. This electrode system, includ- 
ing the reference electrode [14], is compact. There- 
fore, volumes as low as 100 ~1 can be assayed. 
Serum samples containing salicylate were pre- 
pared by adding sodium salicylate to human 
serum. All measurements were performed at a 
constant temperature of 25°C. 

2.3. Calorimetry 

Salicylate concentrations in sera were also de- 
termined by a calorimetric procedure based on 
the color formed when salicylate complexes with 
ferric ions [15]. The procedure is summarized as 
follows. The serum samples were ultrafiltrated 
through Centricon- (Amicon, Beverly, MA; 
molecular weight cut-off > 30,000) to remove 
salicylate bound to serum protein. The filtrate 
(100 ~1) was pipetted into a test tube (10 ml) 
containing 1.2 ml of 24.8 mM ferric nitrate and 62 
mM nitric acid, to produce a violet color. The 
absorbance at 540 nm was determined using a 
Shimadzu UV-2100 spectrophotometer. 

3. Results and discussion 

3.1. Response characteristics in blood serum 

The clinical range of salicylate in serum re- 
quired for anti-inflammatory therapy is 150-300 
pg ml-’ (1.1-2.2 mM) [4,16]. Thus, we examined 
the response of the electrode to salicylate in serum 
to confirm whether the present method is applica- 
ble to this concentration range. A calibration 
graph was obtained by measuring a known 
amount of sodium salicylate added to a serum 
sample and plotting the concentration against the 
corresponding e.m.f. value. As is shown in Fig. 1 
(curve a), the calibration graph of the electrode 
covered the clinical concentration range. How- 
ever, the electrode exhibited a super-Nernstian 
response with a slope of - 80 mV per concentra- 
tion decade (in the range l-10 mM). As will be 
discussed later, this abnormal electrode response 
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can be attributed to the binding of salicylate in 
proteins in the serum samples. The detection limit 
for salicylate in serum was 0.3 mM. The response 
time of the electrode (90% final signal) was below 
10 s when the concentration of salicylate was 
changed from 0.5 to 2 mM. We also examined the 
response of the electrode without the ionophore 
and containing only the ion-exchanger MTDACl 
[17]. The detection limit for salicylate in serum 
became significantly higher (0.6 mM), showing 
that the salicylate electrode based on the 
lipophilic quaternary ammonium salt alone re- 
sponded weakly to salicylate, as has been sug- 
gested previously [9,10]. Thus, the use of the 
carbonate ionophore was effective for determining 
salicylate concentration in serum. 

We constructed a calibration graph after the 
serum sample was ultrafiltrated through Centri- 
con-30 (Fig. 1, curve b). The electrode exhibited a 
near-Nernstian response in the range 0.2-10 mM 
salicylate with a slope of - 55 mV per concentra- 
tion decade. The lower limit of detection for 
salicylate was remarkably improved to 0.04 mM. 
As salicylate binds serum protein such as albu- 

s 
6 
W 

-ul 
Clinical range 

-100’ 
I 

-6 -5 -4 -3 -2 

Log [Salicylate] (M) 

Fig. 1. Comparison of the response of the electrode to salicy- 
late in (a) serum, (b) deproteinired serum, and (c) physiologi- 
cal saline containing 0.1 M NaCl and 5 mM 4-Q- 
hydroxyethyl)-2-piperazineethanesulfonic acid&NaOH (pH 
7.4). The clinical concentration range required for anti-inflam- 
matory therapy is also shown. 

min. [4,18], the free concentration of salicylate 
remarkably decreased in the presence of serum 
protein, and thus the calibration graph from the 
serum sample (curve a) shifted to a higher concen- 
tration of salicylate than that from the de- 
proteinized sample (curve b). The deviation from 
the Nernstian response observed in blood serum 
can be explained by the concentration dependence 
of salicylate binding on serum [4]. That is to say, 
in the lower concentration range of salicylate 
most of the drug bound to serum proteins, while 
in the higher concentration region the portion of 
the drug bound to proteins decreased. thus gener- 
ating a steep slope. The percentage of salicylate 
bound to protein can be easily estimated by com- 
paring these two calibration graphs (curves a and 
b), as the concentration of free salicylate can be 
determined by the curve b calibration graph and 
the total salicylate (the sum of the concentrations 
of the free salicylate and that bound to protein) 
can be estimated from the curve a calibration 
graph. For example, when 1 and 5 mM salicylate 
were added to the serum, 79”/;1 and 54% of the 
salicylate bound to serum protein respectively. 

3.2. Application to drug monitoring 

For therapeutic drug monitoring, determining 
the free concentration of a drug is claimed to be 
physiologically more relevant than determining 
the total concentation of drug [4,9,16]. Thus, this 
method is very useful as the electrode is respon- 
sive only to free concentration. Although the free 
concentration of salicylate can be determined us- 
ing the calibration graph shown in Fig. 1 (curve 
b). we were particularly interested in obtaining the 
calibration graph from a much simpler solution. 
We found that the calibration graph (Fig. 1. curve 
c), generated from physiological saline containing 
0.15 M NaCl and 5 mM 4-(2-hydroxyethyl)-2- 
piperazineethanesulfonic acid-NaOH (pH 7.4) 
afforded similar results to the deproteinized serum 
sample (curve b) on a higher concentration range. 
Although the detection limit measured in the 
physiological saline (0.01 mM) was significantly 
lower than that in the deproteinized serum sam- 
ple, the improved detection limit appeared to be 
mainly attributable to removing the interference 
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Table I 
Selectivity coefficients, log kr;“ “ 

Interfering ion (j) 

Cl- 
HCO; 
CH,COO- 
Acetyl salicylate 

Concentration (M) Log k ;;” 

0.5 -4.4 

0.05 -1.4 

0.5 -3.9 

0.0005 -0.6 

“ i = salicylate and j = interfering ion 

of bicarbonate, as the serum samples contained a 
high concentration of bicarbonate (28 mM) [19] 
and the electrode responded to this significantly. 
However, the difference in the curves b and c of 
the calibration graphs was confined to the lower 
concentration range of salicylate. Thus the cali- 
bration graph shown in curve c can be used. 
except when the salicylate concentration range is 
extremely low. This agreement of the calibration 
graphs is useful as the free salicylate concentra- 
tion can be estimated by comparing the e.m.f. 
readings measured in serum with the curve c 
calibraion graph. The total concentration of sali- 
cylate can also be evaluated using the curve a 
calibration graph. However, in this case, the cali- 
bration graph should be generated from an indi- 
vidual patient, since the protein content, such as 
that of albumin, significantly differs among indi- 
viduals [4]. 

In Table 1, the selectivity coefficients of the 
electrode are summarized, together with the con- 
centrations of interfering ions used. The electrode 
was sufficiently selective against the chloride ions 
present in serum at high concentration (103 mM) 
[19], whereas there was slight interference from 
bicarbonate ions due to the rather lower selectiv- 
ity than that of chloride ions. This electrode did 
not respond strongly to acetyl salicylic acid (as- 
pirin), which is the parent drug of salicylate 
medicines. Thus, the electrode avoided serious 
interference by this drug although aspirin is 
rapidly deacetylated in the body to produce phar- 
macologically active salicylate [4,18]. 

We compared the free concentrations of salicy- 
late in serum samples, determined by potentiome- 
try using the calibration graph (Fig. 1, curve c), 
with those determined by calorimetry [15]. As 

0 
0 1 2 

Colorimetty (mM) 

Fig. 2. Correlation of the free salicylate concentrations in 20 
serum samples determined by potentiometry using a salicylate- 
selective electrode and by calorimetry. 

shown in Fig. 2, the correlation was good in the 
salicylate concentration range 0.1-2.5 mM. The 
calorimetric method requires deproteinization to 
estimate the free salicylate concentrations in 
serum samples, whereas the potentiometric 
method does not. Thus, the present method is 
much simpler, more rapid and economical. Free 
salicylate concentrations in whole blood can also 
be monitored, as the procedure is independent of 
sample color or turbidity. This new method will 
markedly reduce the workload involved in thera- 
peutic drug monitoring for salicylate in the clini- 
cal setting. 
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organisms and its determination by graphite furnace atomic 
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Abstract 

A biological organism (chitosan) was utilized to preconcentrate lead ions from tap water. This preconcentration 
was achieved by mixing 0.8 ml of chitosan slurry with IO-50 ml of lead-containing solution and subsequently 
separating by centrifugation. The chitosan paste was then dissolved in 1 ml of 0.2% nitric acid and analysed by 
graphite furnace atomic absorption spectrometry. The extraction efficiency can approach 100% in the pH range 4- 10. 
The amount of chitosan used was not critical. The effect of some impurities was also investigated. If  six samples were 
prepared simultaneously, the time needed to preconcentrate each sample was less than 3 min. Two different modes 
of standard addition (the standard lead solutions being added before and after preconcentration) were used for 
analysis of tap water samples, and the results obtained by the two modes were found to be quite consistent. 

Kqword~: Separation; Preconcentration; Lead; Biological organisms; Graphite furnace atomic absorption 
spectrometry 

1. Introduction 

Graphite furnace atomic absorption spectrome- 
try (GFAAS) is one of the most common tech- 
niques used for ultratrace analysis because of its 
advantages such as high sensitivity, low detection 
limits and low sample volume requirement. How- 
ever, use of atomic absorption spectrometry to 
directly determine some ultratrace components is 
often hindered by the following two factors: (1) 

the analyte concentrations are at or below the 
limits of detection: and (2) the matrix interferes 
with the determination. It is therefore essential to 
preconcentrate the samples prior to analysis. 

Solvent extraction, ion exchange, coprecipita- 
tion and electrodeposition are useful techniques 
often used for preconcentration. However, these 
approaches may be time-consuming, have limited 
specificity for a particular class of ion and, in 
addition, their procedures may be complex. For 

* Corresponding author. 

this reason, attempts have been made to explore 
better techniques for preconcentration of specific 
ions. 

0039-9140!96/$15.00 ~0 1996 Elsevier Science B.V. All rights reserved 
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In general, the structures of biological organ- 
isms differ, and there are different functional 
groups on their surfaces. As a result, many bio- 
logical organisms have the ability to adsorb (or 
absorb) selectively the analyte of interest without 
preconcentrating the matrix. Green et al. [l] re- 
ported that gold complexes can be quantitatively 
separated from solutions by a pure algae strain. 
Holcombe and co-workers have also demon- 
strated that unicellular green algae can be used 
successfully to quantitatively separate trace cop- 
per, nickel and cobalt from river and sea-water 
samples [2,3] and cadmium from river samples [4]. 
The advantages of using algae as a preconcentra- 
tor over other preconcentration techniques are 
convenience, minimum time requirement, a low 
blank and a high preconcentration factor. 

In this research, we have investigated the possi- 
bility of using another bio-organism (chitosan) as 
a preconcentrator. Chitosan (( 1,4)-2-amino-2-de- 
oxy-/I-D-glucosamine) is a amine polysaccharide, 
the deacetylated derivative of chitin. Chitin is a 
type of macromolecule and occurs widely in nature. 
Chitosan contains two kinds of functional groups, 
an amino group and a hydroxy group. It can be 
dissolved in acid solution and separated out in 
basic solution. Eiden and Tewell [5] have demon- 
strated the interaction of lead with chitosan. Their 
result suggested that the uptake of Pb2+ on chi- 
tosan is a Langmuir-type adsorption. But there is 
a paucity of data on how chitosan can quantita- 
tively adsorb metal ions at very low concentrations, 
and how chitosan is used as a preconcentrator for 
ultratrace analysis. The objective of the present 
work was to study the ability of chitosan to 
preconcentrate lead ions at the parts per billion 
level from lo-50 ml water samples, as well as the 
conditions under which the preconcentration pro- 
ceeds. The techniques have been used successfully 
to determine ultratrace lead in tap water. 

2. Experimental 

2. I. Muterids 

The preparation of chitosan has been described 
previously [6]. The chitosan used for this experi- 

ment contained 83”/;1 water. Dry chitosan con- 
tained 9% amine groups. 

2.2. Prqwrution of chitosan shy 

Before use, 0.5 g of chitosan was added to 
10 ml of 0.3% nitric acid. After the polysaccharide 
was dissolved, seven drops of 1 mol L - ’ sodium 
hydroxide were added to the polysaccharide solu- 
tion. The chitosan sediments separated out, then 
the mixture was centrifuged and the supernatant 
was decanted and discarded. The chitosan 
biomass was subsequently washed with deionized 
water and centrifuged again. After discarding 
the washing solution, 10 ml of deionized water 
was added to the sediments. The mixture was 
then agitated and the chitosan slurry was ready 
for use. 

2.3. Procedures 

The sample was prepared by adding 0.8 ml 
(containing 6.8 mg dry polysaccharide) of chi- 
tosan slurry to 10 ml of a solution containing 
lead. The pH of each solution was adjusted by 
dropwise addition of nitric acid or sodium hy- 
droxide solution. The mixture was agitated for 5 
min, and then centrifuged. After the supernatant 
was decanted, 1 ml of 0.2% nitric acid was added 
to the chitosan paste, and the mixture was agi- 
tated to dissolve the biomass for determination 
later. 

Due to the high volatility of lead, 0.5 pg of Pd 
was used as a matrix modifier, so as to be able to 
increase the thermal pre-treatment up to 900°C 
without loss of Pb. In this way. interfering biolog- 
ical matrix could be completely removed before 
atomisation. 

Three replicates were carried out for each ex- 
periment. When a significant blank signal was 
detected, the blank value was subtracted from the 
corresponding sample signal. Typical blank values 
will be given later in the paper. 



Table I 
Furnace operating conditions 

Step no. Temperature (“c) Ramp time (s) Hold time (s) Argon flow (I min-‘) Read” 

I 100 IO 20 3 
2 900 10 30 3 
3 1600 0 5 0 * 

4 2600 I 3 3 

.’ The absorbance to be recorded. The * indicates that the record begins in step number 3. 

2.4. Apparatus 

All experiments were conducted with a Perkin- 
Elmer 2380 atomic absorption spectrometer 
equipped with a HGA400 graphite furnace 
atomiser. The operation conditions and tempera- 
ture programmes are listed in Table 1. The Pb 
hollow-cathode lamp was operated at 4 mA. The 
spectral band pass and the wavelength of the 
monochromator were set to 0.7 nm and 283.3 nm 
respectively. The data were recorded with a 
Perkin-Elmer RlOOA recorder as peak heights. 

3. Results and discussion 

3.1. E#ect of pH on Pb udsorption 

To investigate the effect of pH on the adsorp- 
tion of very low concentrations of lead, 10 ml of 
10 ng ml - ’ lead solution at various pH values 
was mixed with 0.8 ml of chitosan slurry. After 5 
min of agitation, the mixture was centrifuged and 
the supernatant liquid decanted. The chitosan 
paste was then mixed with 1 ml of 0.2% nitric acid 
and 5 mg 1-I Pd solution to yield a Pb solution 
which was 10 times more concentrated than the 
initial solution (assuming 100% efficiency). Solu- 
tions thus obtained were subsequently analysed by 
GFAAS. Experiments showed that after the sam- 
ple was preconcentrated by chitosan, the pH val- 
ues of supernatant changed considerably. The pH 
value of acid samples was increased while that of 
basic samples was decreased. Table 2 indicates the 
effect of chitosan on the pH of samples. 

Fig. 1 demonstrates the effect of pH on Pb 
adsorption by chitosan. It can be seen from this 
figure that the pH range for optimum Pb adsorp- 

tion is wide. When the pH value of the samples 
was changed from 4.03 to 10.10, the recovery 
approached 100%. This result is better than that 
achieved with the use of algae to preconcentrate 
lead [7]. Mahan et al. [7] have reported that 
recoveries of 6 mg of Stichococcus bacillars, 
Chlorrlla Pywnoidosa and Chlumydomonas rein - 
huriti used to preconcentrate 0.5 pg lead in 25 ml 
samples were 80X, 40% and 75% respectively. It is 
obvious that the efficiency of Pb uptake by chi- 
tosan is much higher than that by algae. 

3.2. Eflect of’chitosan mass on lead adsorption 

In order to investigate the effect of chitosan 
mass on Pb adsorption, 0.2, 0.4, 0.6, 0.8. 1 .O and 
1.2 ml chitosan slurry were added to 10 ml of 
sample solutions containing 0.1 pg Pb. After 5 
min of agitation and centrifugation, all solutions 
were made up to 1 ml final volume with 0.2% 
HNO, and analyzed. Experiments indicated that 
when less chitosan was used, the efficiency of Pb 
adsorption was increased. However, when 0.6 ml 
of chitosan slurry was used, the recovery was 
almost lOO”/o. 

3.3. Eflect of’preconcmtration .firctor on Pb 
udsorption 

The aim of using chitosan to preconcentrate 
lead is to reduce the interference of the matrix in 
the original sample, and to increase the analyte 
concentration, so as to improve the analytical 
sensitivity and accuracy. As a result, the effect of 
sample volume on preconcentration should be 
determined, i.e. whether the ratio of initial to final 
sample volume can affect the extraction efficiency 
of chitosan for lead. Experiments were conducted 
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Table 2 
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Effect of Chitosan on the pH of samples 

pH of samples before preconcentration 3.00 4.03 5.16 6.35 5.95 IO.10 10.64 11.62 
pH of supernatant after centrifugation 4.50 6.20 8.00 8.82 9.23 9.91 10.30 11.40 

using 0.8 ml of chitosan slurry to preconcentrate 
0.1 ,ug Pb2+ in different volumes. The final solu- 
tion volume for analysis was 1 ml. The result of 
the experiment is shown in Table 3. 

Table 3 shows that when 0.8 ml of chitosan is 
used, increasing the sample volume up to 25 ml 
has no effect on the recovery of lead, but increas- 
ing the initial volume to 50 ml makes lead recov- 
ery unfavorable. 

3.4. Efect of impurities und mutrix 

Several ions which could affect Pb adsorption 
by chitosan (by competitive binding at the chi- 
tosan adsorption sites) were also considered. The 
effect of interfering ions on preconcentration was 
studied with 0.8 ml of chitosan slurry being added 
to 10 ml of sample containing interfering ions and 
0.1 pg Pb’ + . The inorganic interfering ions were 
all added in the form of nitrates. 100 pg ml- ’ 
Ca’+: 100 pg ml-’ ME’+, 1 mg ml-’ Na- and 
1.0 ,ug ml~l Fe3+ d o not interfere with the 
preconcentration of lead, but 10 pg ml ~ ’ Fe’ + is 
sufficient to reduce the recovery to 75%. Environ- 

I 

2 4 6 a 10 12 

The pH of samples before prc-concentration 

Fig. I. The effect of pH on adsorption of lead by chitosan. 

mental samples are often polluted by organisms 
and surfactants. For this reason, experiments to 
determine the effect of sodium citrate and surfac- 
tants on Pb adsorption were performed. 0.01% 
dodecyl sodium sulfate and sodium citrate de- 
creased the recovery of Pb to 56% and 58% 
respectively. However, when 0.1% cetyltrimethyl 
ammonium bromide was added, the recovery was 
still 100%. Results indicate that the hydrophobic 
group does not affect the extraction efficiency of 
chitosan; however, anions of hydrophilic groups 
complexing Pb2 + decrease the extraction 
efficiency of chitosan for Pb. 

3.5. EfSrcts of the preconcentration and 
centrifugation times on extraction eficiency 

A good approach for preconcentration should 
be simple and quick. To evaluate the dependence 
of extraction efficiency on the preconcentration 
and centrifugation times, 0.8 ml of chitosan slurry 
was aded to 10 ml of solution containing 0.1 fig 
Pb. After the sample was agitated for 1 min, the 
extraction efficiency of chitosan for lead was 77%, 
and after 2 min of agitation it was 83%. After the 
mixture was agitated for 3 min the recovery 
reached 100%. 

The mixture could be separated completely af- 
ter only 5 min centrifugation. The centrifugation 
available for this study allowed preparation of up 
to six samples simultaneously. Thus, if six samples 

Table 3 

Dependence of Pb adsorption of chitosan on sample volume 

Initial sample Final vtolume Concentration Recovery of 
volume (ml) (ml) factor Pb (‘X>) 

IO I IO 100 + 2>’ 
2s I 25 lOOI2” 
50 I 50 97 * 3” 

“Standard deviation. 



were prepared each time, the time spent to pre- 
concentrate one sample was less than 3 min. 
However, with most preconcentration techniques, 
the time required to preconcentrate one sample 
is lo-30 min. A minimum time requirement is 
one of the major advantages for using chitosan 
as a preconcentrator over other preconcentration 
techniques. 

3.6. Preconcentrution of ulfrutrucr lead in tup 
wutt?r 

To verify the capability of chitosan to precon- 
centrate lead in environmental samples. 0.8 ml of 
chitosan slurry was used to preconcentrate 10 ml 
of a tap water sample. The final volume of solu- 
tion for analysis was 1.0 ml. A blank solution was 
analyzed with the same procedures. The blank 
value was subtracted from the corresponding tap 
water sample signal. The typical lead concentra- 
tion of a blank solution was 1.5 & 0.3 ng ml ~ ‘. 
The blank lead value does not come from the 
chitosan; it most probably comes from impurities 
existing in the chemical reagents, e.g. sodium hy- 
droxide and nitric acid. Because the matrix may 
also be concentrated and may interfere with the 
determination of Pb, two different standard addi- 
tion approaches were used for analysis of the tap 
water samples. In the first approach, 0. 0.05, 0.10 
and 0.15 pg of lead standard solution were added 
to 10 ml of four tap water samples. After the 
samples were preconcentrated by chitosan, 1 ml of 

final solution was used for determination. The 
average value of three replicates determined for 
Pb in tap water was 7.6 ng ml- ‘, and the stan- 
dard deviation was 0.5 ng ml- ‘. In the second 
approach, 0.8 ml of four chitosan slurrys was 
added to 10 ml of four tap water samples. After 
the samples were preconcentrated and the mix- 
tures were centrifuged. 0, 0.05, 0.10 and 0.15 pug 
of lead standard solution were added to the four 
sediments. The final volumes of all solutions were 
made up of 1 ml in 0.2% HNO, and analyzed. 
The value determined for Pb with the second 
approach and its standard deviation were 7.5 ng 
ml ’ and 0.6 ng ml ~ ’ respectively, which are in 
good agreement with that obtained by the first 
approach. These results suggest that chitosan can 
be effectively used to quantitatively preconcen- 
trate ultratrace lead in environmental samples. 
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Abstract 

A method is described for the simultaneous high performance liquid chromatographic (HPLC) determination of 
copper. iron, nickel and vanadium. based on complexation of analytes by bis(acetylpivalylmethane)ethylenediimine 
(H,APM,en) followed by solvent extraction and HPLC separation on a reversed-phase. C-18. 5 jrrn column with UV 
detection at 260 nm. The method has been applied to the determination of metals in crude petroleum oils collected 
from the South lndus Basin oil fields. The results obtained are compared with those obtained by flame atomic 
absorption spectrometry. 

Kl~~~zorcfs: HPLC: Metal determination; Petroleum oils 

1. Introduction 

Heavy crude petroleum oils contain vanadium, 
nickel. iron and copper as organically bound 
metals, mostly as metalloporphyrins and metallo- 
non-porphyrins [1,2]. Their determination is of 
considerable importance, because the metal com- 
plexes may poison and foul catalysts or cause 
undesirable side reactions in refinery operations. 
such as fluid cracking and hydrodesulfurization 

* Corresponding author 

[3]. A number of analytical methods have been 
used for the determination of metal ions in crude 
petroleum oils, including atomic absorption spec- 
trometry (AAS) [4]. inductively-coupled plasma 
atomic emission spectroscopy (ICP-AES) [5]. ra- 
dioisotope X-ray fluorescence [6], neutron activa- 
tion [7]. gas chromatography (GC) [8] and liquid 
chromatography [9]. Zeng and Uden [lo.1 I] have 
reported high temperature GC with microwave- 
induced plasma atomic emission spectroscopy for 
the determination of vanadyl, nickel and iron 
porphyrins in crude oils. In the present work 
bis(acetylpivalylmethane)ethylenediimine [N.N’- 

0039-9140/96’Sl5.00 cc 1996 Elscvier Science B.V. All rights reserved 

SSDlOO39-9140(95)01829-8 



768 M. Y. Kl~ulw~ UY, S. N. Lmjwrlr Tulurrtc~ 43 (1996) 767- 770 

ethylenebis (5,5 - dimethyl -4 -oxohexane -2 - imine)] 
(H2APM2en) (Fig. 1) has been used to complex 
the metals of interest which are subsequently ex- 
tracted, separated and determined by HPLC in 
crude petroleum oils. 

Belcher et al. [12] have used H2APM,en for CC 
determination of copper and nickel in metal alloys 
and water samples. Dilli and Patsdlides [8] have 
applied the reagent for the GC determination of 
vanadium in crude oils. Recently the reagent has 
also been used for the HPLC determination of 
copper and nickel in metal alloys and water sam- 
ples [13]. 

2. Experimental 

2.1, Solvenl exitaction 

An aliquot of solution (l-5 ml) containing 
O-100 pg of vanadium, nickel, iron and copper 
was transferred to a well-stoppered test tube and 
sulphur dioxide was passed for 30 s. Sodium 
acetate-acetic acid buffer (2 ml, 1 M) pH 6 was 
added and the contents were heated gently to near 
dryness. H,APM2en solution (1% w/v in meth- 
anol, 5 ml) was added and the contents were heat- 
ed for 15-20 min. During heating the volume of 
the solution was reduced to about 1 ml. Water (2 
ml) and chloroform (2 ml) were added and the 
contents were shaken well. The layers were al- 
lowed to separate and exactly 1 ml of the chloro- 
form layer was transferred to a sample vial. The 
solvent was evaporated and the residue dissolved 
in methanol (0.5 ml). The methanolic solution (5 
~1) was injected onto a Microsorb C- 18, 5 Llrn 
column (150 x 4.6 mm id.) and complexes were 
eluted with methanol: acetonitrile: water (60:20:20 
v/v/v) at a flow rate of 1 ml min ‘. Detection was 
achieved using a UV monitor fixed at 260 nm. 

2.2. Anuiysis of mrtuls in crude petrolrum oils 

The crude petroleum oil samples were collected 
from the Leghari, Halipota, Dabhi, Golarchi and 
Tando Alam oil fields located in the South Indus 
Basin near Hyderabad and Badin, Sindh, Pak- 
istan. The samples were collected directly from 

the source, when oil was being pumped out of the 
wells. 20~- 100 g of sample was transferred to a 
beaker and sulphuric acid (95-98X; 400 ml) was 
added. The contents were heated on a hotplate 
until white fumes of sulphur trioxide were 
evolved. The mixture was allowed to partially 
cool, 400 ml of nitric acid (65%) was added slowly 
and the contents were heated gently. Perchloric 
acid (72%) (200 ml) was added dropwise to main- 
tain vigorous oxidation with excessive evolution 
of brown fumes of nitrogen oxides. The clear 
solution was heated to near dryness. The residue 
was dissolved in water and the volume was ad- 
justed to 25 ml. A 2- 12 ml aliquot of the solution 
was taken, the pH was adjusted to 6 and the 
extraction procedure was followed as above. A 
blank was also prepared simultaneously. 

The reagent H>APM,en was synthesized as pre- 
viously reported [ 121. 

2.3. Appuru tus 

A Hitachi 655A liquid chromatograph con- 
nected to a variable wavelength monitor, Rheo- 
dyne 7125 injector and Hitachi D2500 
Chromato-integrator were used. 

A Microsorb C-18, 5 pm (150 x 4.6 mm id.) 
column (Rainin Instruments, USA) was used. 

A varian Spectra AA-20 atomic absorption 
spectrometer with an air-acetylene flame atom- 
izer was used for the determination of copper, 
nickel and iron using the conditions recom- 
mended by the manufacturer. 

R=CH3 

M = Cull. Fe~ttl.Ni(ll~,VO (IV) 

Fig. I. Structural diagram of metal chelates 
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I 
0 2 4 6 0 10 

PH 

Fig. 2. EtTect of pH on the extraction of (I) iron (100 {lg), 
(2) nickel(Il) (200 irg). (3) copper(H) (200 pg) and (4) vanadi- 
um(IV) (200 j(g) with H,APM?en in chloroform (5 ml). 

3. Results and discussion 

The derivatization of copper( nickel(I1). ox- 
ovanadium(IV) and iron in the aqueous phase 
with the reagent H,APM,en was investigated 
spectrophotometrically. The maximum ab- 
sorbances were measured at 548 nm, (~428). 570 
nm (E = 441), 440 nm (E = 1920) and 456 nm, 
(E = 377) for copper( nickel(II), iron(I1) and 
oxovanadium(IV) respectively. The optimal pH 
for the extraction of iron was 6. The extraction 
of copper( nickel(I1) and oxovanadium(IV) oc- 
cured at pH 5-9 with a maximum at 7.558 (Fig. 
2) [12]. However, at pH 7.5-8, a significant de- 
crease in the extraction of iron(I1) was observed. 
At pH 6 the derivatization and extraction of 
iron and copper(I1) was rapid, but they were 
slow for nickel(I1) and heating times of 15520 
min were sufficient for quantitative transfer from 
aqueous to organic phase. Some difficulties were 
encountered in extraction of vanadyl from 
aqueous solution [8,9,14]. Thus, after reduction of 
vanadium(V1) to vanadium(IV) with sulphurous 
acid, the solution was heated to near dryness in 
the presence of acetate buffer at pH 6. The deriva- 
tization was carried out in methanol. Using these 

conditions it was possible to extract copper( 
nickel(II), iron(I1) and oxovanadium(I1) as metal 
chelates simultaneously. 

4. Conclusion 

The complexes were easily separated using a 
reversed-phase HPLC column and isocratically 
eluting with a ternary mixture of methanol: ace- 
tonitrile: water (60:20:20 v/v/v) (Fig. 3). Linear 
calibrations were obtained by plotting average 
peak height (n = 3) against concentration with 
O-100 jig sample in an aliquot of water. The 
coefficient of correlation (7) was observed to be 
0.994, 0.988, 0.994 and 0.995 for copper, nickel, 
iron and vanadium respectively. The detection 
limit was measured at least three times the back- 
ground noise and was 1 pg per aliquot for each of 
the metal ions. Finally, the method was applied to 
the determination of metal ions in crude 

I  

0 4 a 12 

Ret :Time in min 

Fig. 3. HPLC separation of(S) solvent (I) reagent, (2)0x0-vana- 
dium(IV) (60 keg ml ‘), (3) iron(I1) (60 ,ug ml - ‘), (4) nickel 
(II) (60 fig ml-‘) and (5) copper (60 /Ig ml-‘) complexes 
of H2APMZen. Eluent: methanol: acetonitrile: water (60:20:20 
v:v:v). Flow rate: I ml min ‘. Detection: UV at 260 nm. 
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Analyses of metal ions in crude petroleum oils 

Sample Metal concentrations found by HPLC” (ng gg’)(n = 3) Metal concentrations found by flame AAS 

(ng gm ‘1 

Vanadium Copper Iron Nickel Copper Iron Nickel 

Tando alum 
Halipota 
Laghari 
Mazari 
Dabhi 

200(4.2) 87(5.1) 130(6.8) 
210(7.0) 80(4.8) 148(5.7) 
230(2.5) 96(4.4) 168(4.9) 
216(6.0) 70(3.7) 120(4.7) 
186(3.7) 86(4.3) 138(3.9) 

* RSDs (‘X,) are given in parentheses 

petroleum oils. The results shown in Table 1 
indicate RSDs in the range 2.4-7X (n = 3) and 
compare reasonably with AAS results: RSDs in 
the range 1.4-6.6% (n = 3). 
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Abstract 

Thirteen aliphatic and four aromatic amines, namely diethylamine, triethylamine. n-propylamine. di-n-propy- 
lamine, tri-n-butylamine, isopropylamine. di-isopropylamine. n-butylamine, di-n-butylamine, tri-n-butylamine, 
isobutylamine, set-butylamine, tert-butylamine, aniline, NJ-dimethylaniline, 2nitroaniline and 4-nitroaniline were 
titrated thermometrically with nitrosyl perchlorate in acetonitrile solvent. All the aliphatic amines gave very 
well-shaped thermometric titration curves. The calculated recovery values of the amines were very good. In 
comparison, the aromatic amines, aniline and NJ-dimethylaniline gave rather well-shaped titration curves, but the 
recovery values were fairly low. 2-Nitro- and 4-nitro anilines gave no thermometric response at all. The heats of 
reaction of the amines with nitrosyl perchlorate are rather high. However. the average heat of reaction of the aromatic 
amines is approximately two-thirds that of the average heat of the aliphatic amines. To support this method all the 
amines were also titrated potentiometrically and very similar results to those obtained with the thermometric method 
are seen. The nitrosyl ion is a Lewis acid, strong enough to titrate quantitatively aliphatic amines in acetonitrile 
solvent, but not strong enough to titrate aromatic amines at the required level in the same solvent. 

Key,vord.s: Aliphatic amines: Aromatic amines; Nitrosyl perchlorate; Thermometry 

1. Introduction 

A number of methods such as potentiometry, 
conductimetry, spectrophotometry and ther- 
mometry can be used for the titration of diverse 
chemical compounds in non-aqueous media. 
Among these however, thermometry, in some re- 
spects, has definite advantages over the other 
methods [l-6]. These advantages briefly are as 
follows: (i) low electrical conductivity of non- 

* Corresponding author. Fax: + 90 312 2232395 

aqueous media does not interfere; (ii) precipita- 
tion. which occurs during some titrations, does 
not affect this method: (iii) end points are gener- 
ally very sharp; (iv) there is no electrode poison- 
ing: and (v) the equipment can be set up in a 
medium equipped laboratory. 

Furthermore, in contrast to other methods, 
thermometry can be applied to (i) redox titration; 
(ii) acid-base titration; (iii) complexometry and; 
(iv) volumetric precipitation. As is well known, 
these are the basic and major analytical reactions 
on which titrimetry is based [7-201. 

0039-9140/96/$15.00 G 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01856-5 
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In the present work, due to the above men- 
tioned advantages of thermometry, we have tried 
to titrate amines, in particular 13 aliphatic and 
four aromatic amines, namely diethylamine, tri- 
ethylamine, n-propylamine, di-n-propylamine, 
tri-n-propylamine, isopropylamine, di-isopropy- 
lamine, n-butylamine, di-n -butylamine, tri-n -buty- 
lamine, isobutylamine, set-butylamine, trrt- 
butylamine, aniline, N,N-dimethylaniline, 2-ni- 
troaniline and 4-nitroaniline. All the aliphatic 
amines gave very well-shaped titrations curves 
and from these, we have calculated the mean 
recovery values of the amines and have been 
found excellent results. Whereas the aromatic 
amines, aniline and N,N-dimethylaniline gave 
rather well-shaped titration curves, the mean re- 
covery values calculated from these curves were 
fairly low. On the other hand, 2- and 4-nitroanili- 
nes did not give useful titration curve. 

The heats of reaction of the aliphatic amines 
were calculated from the initial slopes (up to the 
30% neutralization) of the titration curves of the 
amines. As is seen from Table 1 the reactions are 
rather exothermic. However, the heats of reaction 
of the aromatic amines are very low in compari- 
son to the heats of reaction of the aliphatic 
amines. 

There are many examples of the titration of 
amines with Briinsted acids [l-3,7,16- 181, but 
unfortunately, titrations with Lewis acids are very 
limited due to the difficulties of finding appropri- 
ate Lewis acids and solvents [l,3,4,21P23]. 

2. Experimental 

2.1. Apparatus 

Thermometric titration is a titration performed 
in an adiabatic system, the temperature of which 
is plotted against the volume of titrant used. In 
order to meet the requirements of this definition, 
a small fume-cupboard was insulated carefully 
with polystyrene foam sheets. A small window 
was cut in the sheets to allow the operator to look 
at the titration assembly and use it properly. The 
assembly consisted of (i) a small Dewar flask with 
a capacity of 30 cm? (ii) a tin-tipped semi-mi- 

croburette with a reservoir; (iii) a Beckmann and 
two accurate mercury thermometers; and (iv) a 
magnetic stirrer. The Dewar flask was placed in a 
250 cm3 beaker and the walls of the Dewar flask 
was insulated from the walls of the beaker with 
the foam polystyrene sheets. The bottom of the 
beaker was also insulated with the polystyrene 
sheets. The mouth of the Dewar flask was covered 
with a thick foam stopper with two holes, shaped 
from thick polystyrene. A Beckmann thermome- 
ter and a tin-tipped semi-microburette were 
pushed through the polystyrene into the Dewar 
flask. On top of the reservoir of the semi-microbu- 
rette U-tubing filled with anhydrous calcium chlo- 
ride was placed to prevent moisture entering. The 
Beckmann thermometer was immersed to a fixed 
depth of solution in each titration and tempera- 
ture changes of O.OOl”C were read. The volume of 
the titrant solution was read to 0.01 cm3. Except 
for the graduated parts and the tap, the semi-mi- 
croburette was also insulated with blown 
polystyrene to minimize heat exchanges during 
the titration. Two mercury thermometers were 
used to measure the ambient temperature of the 
assembly and to measure the temperature of the 
titrant in the reservoir. Both thermometers read 
the temperature to O.Ol”C. The entire set-up has 
been schematically reported in our early work, 
which deals with the thermometric titration of 
urea with antimony pentachloride [24]. 

All the titrations were carried out at 20 i 1°C 
in an insulated fume-cupboard. Under these con- 
ditions, the heat capacity of the reaction cell was 
determined by the method given in Refs. [l] and 
[18] and was found to be 30.1 J “C- ‘. 

The amine solution used for the determination 
of the percentage purity (recovery value) and the 
heat of reaction was kept in the insulated fume- 
cupboard for at least 2 h to allow it to reach 
thermal equilibrium with the titrant. However, for 
the determination of the percentage purity only, 
half an hour was sufficient, because in such cases 
thermal equilibrium was not necessary between 
titrand and titrant [2,8]. The volume of the amine 
solution taken into the Dewar flask was 15.0 cm3 
and this was magnetically stirred during the addi- 
tion of titrant. The titrant was added in 0.25 cm3 
quanities. After each addition of titrant at least 



one minute was allowed to elapse before measure- 
ments were made, to allow the solution to reach 
thermal equilibrium, and the temperature rise was 
read by the Beckmann thermometer. The temper- 
ature rise after each addition of the titrant was 
rather large to read with accuracy by the Beck- 
mann thermometer. The overall time needed to 
complete a titration of an amine solution to ob- 
tain its percentage purity (recovery value) only is 
45 min. Of this two-thirds of the time is spent 
waiting for thermal equilibrium and the remaining 
time is spent on the actual titration. 

2.2. Chmicmls 

Nitrosyl perchlorate was prepared and purified 
as described in Ref. [25]. The main reaction taking 
place in the preparation of the compound are as 
follows: 

NaNO, + HNO, + NO + NO, 

NO + NO2 + 2HC10, + 2 NOClO, + Hz0 

The white crystals formed in the reaction medium 
were filtered, washed and dried for 24 h under 
high vacuum. The compound obtained in this way 
decomposed at 108°C and as described in the 
reference method is pure enough. So, it was ac- 
cepted as the primary standard and was used to 
prepare a 0.050 M solution. 

Acetonitrile and triethylamine (both 99% pu- 
rity) were purchased from Merck and used after 
purification [26]. n-Propylamine, relt-butylamine, 
n-butylamine and Set-butylamine (all 98% purity) 
and di-n-propylamine, isopropylamine, di-n-buty- 
lamine. tri-n -butylamine, diethylamine. di-iso- 
propylamine, tri-n-propylamine and isobutyl- 
amine (all 99% purity) were puchased from BDH 
and used without further purification. 

Aniline (pure) was purchased from Riedel de 
Haen and used after purification [26]. N,N- 
dimethylaniline (98”/0 purity) was purchased from 
Merck and used without further purification. 2- 
Nitroaniline (99% purity) was purchased from 
Fluka and used without further purification. 4-Ni- 
troaniline was purchased from Riedel de Haen 
and used after purification twice [26]. 

3. Results and discussion 

Thirteen aliphatic and four aromatic amines 
were titrated thermometrically with nitrosyl 
perchlorate in acetonitrile solvent. As examples 
the titration curves of the four amines are given in 
Fig. I. Each amine was titrated four times and the 
titration curves were drawn. From such titration 
curves the recovery values were calculated and 
from the recovery values a mean recovery value 
and relative standard deviation were found. These 
are given in Table 1. In the calculation of the 
recovery values, the amines present were accepted 
to be standards. 

In order to choose an appropriate solvent for 
this work. we tested a number of dipolar aprotic 
solvents such as nitrobenzene, dimethylsulfoxide. 
acetone. acetonitrile and found acetonitrile most 
appropriate. The dipolar aprotic solvents were 
tested because of the polar characters of the ti- 
trant and titrands and, in addition to this, the 
titrant has a definite ionic character. Acetonitrile 

50 100 150 200 250 

% Neutralization 

Fig. I. Thermometric titration curves of some aliphatic amine 
(approx. 0.005 M) with nitrosyl perchlorate (0.050 M) in 
acetonitrile solvent, at 20 i 1°C. (1) n-Butylamine, (2) isobuty- 
lamine. (3) see-butylamine. (4) tri-n-butylamme, (5) a blank 
titration curve. 
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The mean recovery values and the heats of reaction of the aliphatic and aromatic amines (approx. 0.005 M) titrated thermometri- 
cally with nitrosyl perchlorate (0.005 M) in acetonitrile solvent at 20 & 1°C 

Amine No. of tests Mean recovery value Rel. std. dev 
(vi,) (‘Xx) 

Mean -AH, 
(kJ mol-‘) 

Std. de\. 
(kJ mol-‘) 

Diethylamine 4 98.37 0.72 87.8 7.3 
Triethylamine 4 99.31 0.39 72.6 2.3 
n-Propylamine 4 99.72 0.40 74.5 5.5 
Di-n-propylamine 4 99.14 0.48 76.4 2.7 
Di-isopropylamine 4 98.95 0.76 73.3 5.2 
Isopropylamine 4 98.81 0.18 79.4 1.6 
Tri-n-propylamine 4 98.89 0.56 76.3 3.8 
n-Butylamine 4 100.76 0.55 79.5 3.0 
Di-n-butylamine 4 98.00 0.57 87.3 1.7 
Isobutylamine 4 98.00 0.58 78.1 4.6 
Src-butylamine 4 98.65 0.08 74. I 4.8 
Tri-n-butylamine 4 99.19 0.92 70.0 7.7 
Terr-butylamme 4 99.15 0.97 74.6 4.8 
Anioline 4 97.68 0.32 53.8 6.8 
N.N-Diethylaniline 4 95.38 0.93 57.1 6.5 
Z-Nitroanihne 4 
4-Nitroaniline 4 

readily dissolved all the reactants and products. 
No precipitate was observed during the titrations. 

The concentration of the amines was prepared 
to be approximately 0.005 M and the concentra- 
tion of the titrant was exactly 0.050 M. These 
were the best concentrations fixed by the experi- 
ments. The titrations were performed discontinu- 
ously and the amount of the titrant added at a 
time was 0.25 cm3. The amount of amine solution 
taken from the stock solution was 15.0 cm3. 

In order to check the validity of this method, 
we have also titrated all the amines named above 
with a potentiometric method in the same solvent 
with nitrosyl perchlorate and have obtained very 
similar results to those obtained with thermomet- 
ric method [27]. 

The heat of reaction of an amine was calculated 
from its corrected titration curves. To do this, 
four corrected titration curves were drawn for 
each amine and from the initial slopes of these 
curves four heats of reaction were calculated for 
each amine. The average of these was taken as the 
heat of reaction of that amine. The heats of the 
amines are also collected in Table 1 together with 
the standard deviations. As is easily discerned 
from Table 1, the average heat of reaction (55.4 

kJ mol ‘) of the aromatic amines is approxi- 
mately two-thirds that of the average heat of 
reaction heat (77.2 kJ mall ‘) of the aliphatic 
amines. The direct and corrected titration curves 
of isobutylamine are given in Fig. 2, as an exam- 
ple. 

In the calculation of the heats of reaction H,, 
we have used the following relation [ 1,7,18,28]: 

AT AH, M 
-= 
AV c.d.V+C’ 

where ATjAV is the initial slope of the corrected 
titration curve; M is the molarity of the titrant; c 
is the specific heat of the solvent; d is the density 
of the solvent; V is the volume of the reaction 
mixture in the Dewar flask at the end-point; and, 
C’ is the heat capacities of the Dewar flask, 
stirrer, etc. 

AT,iAV, as a rule, is calculated from the initial 
slope (up to the 30% neutralization) of the cor- 
rected titration curve. In this region, the reaction 
between titrant and titrand is considered to be 
complete (mass action law) and the other effects 
such as mixing heat, dilution heat, stirring heat, 
etc. are nearly negligible. 
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For example, by using the following data AH, 
for isobutylamine is found to be 82.8 kJ mall ‘: 
AT:‘AV= 0.07: V= 16.45 cm?; C’ = 30.1 J “C-‘; 
n=0.782 g cm-“; c=2.26 J gg’ ‘C’; and 
M = 0.050 mol dm ‘. 

As is easily discerned from the Table 1. the 
mean recovery values of aliphatic amines are 
good, but the mean recovery values of the aro- 
matic amines are not good. The higher mean 
recovery value of aniline than that of N,N- 
dimethylaniline indicates that some steric hin- 
drance prevents the nitrosyl ion in the case of 
N,N-dimethylaniline from reaching (hyperconju- 
gation). On the other hand 2-nitro and 4-nitro 
anilines did not give any significant titration 
curves due to the strong electron withdrawing 
character of the nitro group. Such electron with- 
drawing effect of the nitro group depletes the 
amine group electronically by means of the phenyl 
group. 

The reaction between an amine and nitrosyl 
acid is in the l/l mole ratio. 

R,N + NO + 4 R,N-NO + 

P o.20 I 

(R stands for an alkyl, aryl or hydrogen group) 
In order to support the reaction between an 

amine and nitrosyl ion, hydrochlorides of amines 
were also prepared and titrated with the nitrosyl 
ion under the same conditions as for the free 
amines, but no useful titration curves were ob- 
served. This clearly indicates that the reaction 
between an amine and nitrosyl ion is as shown 
above. A blank test for each amine was also 
performed under the same conditions and no 
significant mixing heat, dilution heat, stirring heat 
and heat exchange were observed taking into ac- 
count Fig. 1 curve (5). The smooth increase of the 
titration curves from the beginning is also a good 
indication that the effects of these factors are not 
important in fixing end-points in such titrations. 
However, these effects have been taken into ac- 
count in drawing corrected curves and in calcula- 
tion of the heats of reaction of the compounds. 

4. Conclusions 

Common aliphatic amines can be titrated ther- 
mometrically with the nitrosyl ion in acetonitrile 
solvent, but aromatic amines under the same con- 
ditions cannot be titrated. The nitrosyl ion acts as 
a Lewis acid and is strong enough to titrate the 
aliphatic amines quantitatively, but it is not 
strong enough to titrate aromatic amines. The 
reaction between an aliphatic amine and nitrosyl 
ion is a typical Lewis acid-base reaction. The 
average heat of reaction in such cases is 77 kJ 
mol- ‘. 

Thermometric titrations can be accomplished 
by simple equipment in a medium equipped labo- 
ratory. 
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Abstract 

A yeast alcohol dehydrogenase amperometric carbon paste-based biosensor. with Meldola Blue as a mediator and 
a dialysis membrane with a very small molecular weight cut-off for protection, is described. The influence of 
membrane pore size on the stability and overall kinetics of the biosensor is shown using cyclic voltammetry and 
stationary potential measurements. The operating potential is + 50 mV vs. Ag;AgCI, KCI sat. reference electrode. 
Application of this device to the determination of ethanol in alcoholic beverages was achieved successfully. In these 
kinds of samples and at this working potential no interferences were found. 

K~~~~rtls: Biosensor; Alcohol: Alcohol dehydrogenase: Meldola Blue 

1. Introduction 

The determination of all kinds of alcoholic 
compounds, particularly ethanol. in a variety of 
samples is important. The determination of 
ethanol is particularly relevant to the food indus- 
try. especially in alcoholic beverages such as beer, 
wines, and spirits. 

Biosensors, devices involving immobilized bio- 
logical material connected to an appropriate de- 
tector system, have been successfully used in 
several clinical, industrial, environmental. and 
food determinations Ref. [1 - 51. 

In the case of ethanol. a number of enzyme- 
based electrochemical devices have been devel- 
oped. There are two appropriate enzymes for this 
purpose: alcohol oxidase (AOD) Ref. [6&g] and 
alcohol dehydrogenase (ADH) Ref [9,10]. ADH 
has been used less frequently than AOD because 
this enzyme depends on NADH. the co-enzyme, 
for enzymatic activity, and consequently co-im- 
mobilization of both enzyme and co-enzyme is 
needed. In addition. this co-enzyme requires an 
overpotential of about I V for oxidation, and at 
this potential a number of other substances, 
present in food samples, are also oxidized and 
interfere in the measurement. 

* Corresponding author. Fax: + 34 I 394 1754 
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There is a way of improving the electron-trans- 
fer kinetics; this consists of the use of a substance 
with electrocatalytic properties (redox mediator) 
for oxidation of NADH. Biosensors based on 
ferrocene Ref. [I 1.123. quinones Ref. [ 13,141. vio- 
logen derivatives Ref [ 151, tetrathiofulvalene Ref. 
[16], phenoxazines Ref. [17]. ruthenium Ref. [18]. 
osmium polymers Ref. [19.20]. several organic 
dyes Ref. [21-261, etc., have been reported. Wa- 
ter-insoluble mediators are preferred because of 
the facility of retaining in carbon paste. However. 
water-insoluble mediators are not always the best 
electrocatalysts. When water-soluble mediators 
are used they must be prevented from dissolving 
into the contact solution, and the electrode is 
frequently covered with diKerent types of poly- 
meric film. The preparation of these films takes 
time and the stability of the resulting biosensor is 
usually unacceptable. 

The amperometric alcohol biosensor described 
in this paper consists of a modified carbon paste 
electrode (MCPE) into which the enzyme ADH. 
the co-enzyme NAD -, and a water-soluble medi- 
ator, Meldola Blue (MB) have been incorporated. 
To retain all of these substances in the paste for a 
reasonably long time, a dialysis membrane with a 
molecular weight cut-off (MWCO) of 500 Da has 
been used in this work. 

MB has been chosen because of its convenient 
oxidation of NADH via a catalytic effect which 
permits the use of an applied potential of about 
0.0 V. Using this potential most electrochemical 
interferences are eliminated. The replacement of 
the polymeric film by a dialysis membrane pre- 
sents two advantages: (I) very simple and fast 
electrode fabrication; (2) high stability over time 
(stable response for about a month). 

2. Experimental 

2.1. Apparcrtus 

Cyclic voltammetry and amperometric measure- 
ments were performed using a Polarecord E 506 
Metrohm and a triangular wave generator VA- 
Scanner E 612 Metrohm connected to an X~-Y 
recorder. All the experiments were carried out in a 

20 ml electrochemical cell using a platinum wire 
auxiliary electrode. a silver/silver chlorideisatu- 
rated potassium chloride reference electrode. and 
the modified carbon paste working electrode. 

All solutions were prepared with distilled water. 
The enzyme ADH (EC 1.1.1. I ) from baker’s yeast, 
and P-nicotinamide adenine dinucleotide, in its 
oxidized form of NAD- and reduced form 
NADH, were purchased from Sigma Chemical 
Co. MB was from Aldrich. The cellulose ester 
dialysis membranes, with MWCO 2000 and 500. 
were obtained from SpectraiPor. Graphite powder 
and paraffin oil were obtained from Fluka. All 
other reagents were of analytical-reagent grade. 
The buffer used was a 0. IO M phosphate buffer. 
pH 7.5. 

The carbon paste was prepared by hand-mixing 
the graphite powder together with ADH (4%). 
NAD + (8%) and/or MB (2%) in a mortar for 
about 15 min until a uniform paste was obtained. 
Then 30 /II paraffin oil was added for each 100 mg 
of paste, and mixed for another 15 min. The 
electrode was constructed using a 1.0 ml plastic 
syringe with a copper rod inside. with a diameter 
equal to the inner diameter of the syringe. The 
modified carbon paste was tightly packed into the 
syringe. The copper rod serves as electrical con- 
tact. The surface of the electrode was polished by 
rubbing gently on a sheet of white paper, to 
produce a flat, shiny surface. Finally, the electrode 
was covered with the dialysis membrane with the 
aid of an O-ring. Electrodes were stored at 4°C in 
phosphate buffer, pH 7.5. when not in use. 

Scheme 1 
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3. Results and discussion 

Cyclic volrammetry was used to ascertain the 
electrochemical properties of the proposed sensor 
as well as the stability of the amperometric re- 
sponse to ethartvl. 

First of all, when continuous cyclic voltam- 
mograms of the MCPE modified with 3% MB 
were recorded, both anodic and cathodic currents 
decreased in each cycle. This confirmed the ten- 
dency of the MB to enter the solution because of 
iIs high solubiLty in water. Af\er this, three diRer- 
ent cyclic voltammograms for 1 x 10 ’ M MB in 
buffer solutions were recorded and are shown in 
Fig. 1. Voltammogram (a) corresponds to an MB 

solution using an unmodified CPE without mem- 
brane; MB reaches the elecrrode and shows quasi- 
reversible electrochemical behaviour with 
AE = 125 mV. In addition, the shape of the an- 
odic peak indicates that the reduced form is ad- 
sorbed on the electrode surface, probably due to 
the lower water solubility oE this form. This peak 
&nnges IIS shape, shvwing the sanx aspect as the 
cathodic peak, when the concentration of MB is 
about 1 x 10 ’ M. When a glassy carbon surfxe 
is used, a sharper peak is also present (Fig. i(b)), 
confirming the different solubilities of the reduced 
and oxidtzed MB forms. and the electron transfer 
rate is significantly faSlcJ (AE= 78 mV). When 
the CPE 1s covered with the MWCO 2000 dialysis 
membrane (Fig. l(c)), MB also reaches the elec- 
trode surface and, from a reversibility point of 



view. exhibits an electrochemical behaviour simi- 
lar to its behaviour without the membrane (AE= 
12.5 mV). However, the sharp anodic peak 
disappears and peak currents, both anodic and 
cathodic, increase with consecutive cyclic scans. In 
contrast, when the CPE was covered with the 
MWCO 500 dialysis membrane, no signal was 
observed (Fig. l(d)). This means that the MB 
cannot reach the electrode surface, i.e. MB cannot 
pass through this membrane, confirming that this 
membrane can retain MB in the carbon paste 
electrode. 

In the second set of experiments, MB was in- 
corporated into the carbon paste (3% w/w) and 
the electrode was covered with the MWCO 2000 
dialysis membrane. The MB exhibited a similar 
behaviour inside the paste to that in the solution. 
independent of the pore size of the membrane. 
The electron transfer rate seems slightly slower 
when MB is inside the paste; this must be due to 
the difficulty of diffusion in an oily medium. 
When MB is in solution, as well as when MB is 
inside the carbon paste, it always reaches the 
electrode surface by diffusion, as was shown by 
the straight line obtained when i, was plotted vs. 
the square root of the potential scan rate. 

The electrocatalytic oxidation of NADH in the 
presence of MB has been previously reported Ref. 
[20]. The cyclic voltammogram corresponds to 
that of the biosensor with a MWCO 500 mem- 
brane, in phosphate buffer, and shows a quasi-re- 
versible behaviour similar to that shown by the 
MB in solution when a CPE was used. In the first 
scan AE = 19.5 mV and &/ix = 3.36, but in the last 
scan AE = 292.5 mV and iJi, = 1.34. Therefore 
the complete operation of the biosensor. including 
both enzymatic and electrochemical reactions, can 
be illustrated as shown below: 

The electrochemical reaction MBH * MB - + 
H + 2e ~ that takes place at the electrode surface is 
reversible and closes the cycles of all these reac- 

TIME 

Fig. 2. PImperometric response for successive additions of 1.0 
mM ethanol solution: (a) biosensor covered with a MWCO 
500 dialysis membrane: (b) biosensor covered with a MWCO 
2000 dialysis membrane. 

tions. Therefore, the changes in anodic current 
produced by this biosensor are proportional to 
the alcohol concentration changes in the sample. 

3.2. SZationurJ’ potentiul tmuwements 

Fig. 2 shows the response of the biosensor at a 
constant potential of 0.05 V vs. AgjAgCl KC1 
sat.. immersed in a stirred phosphate buffer solu- 
tion and when successive additions of ethanol 
were made. The biosensor response when covered 
with the MWCO 2000 membrane is slightly faster 
than when MWCO 500 membrane was used, 
probably due to the difficulty of MB crossing the 
membrane, but the increase in the current be- 
comes lower and lower with successive additions, 
perhaps because of the loss of mediator facilitated 
by the stirring of the solution. 
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Fig. 3. Calibration graph for ethanol in a phosphate buffer 
solution. using the proposed biosensor: (a) covered with a 
MWCO 2000 dialysis membrane: (b) covered with a MWCO 
500 dialysis membrane. 

Calibration graphs were performed for each 
step of the biosensor preparation. In the first step 
only the enzyme was incorporated into the paste, 
and the co-enzyme and MB were in the solution 
to which the alcohol sample was added. In the 
second step, when enzyme and co-enzyme were 
added to the paste, the results were the same. 
However, the response of the biosensor was the 
highest, up to twice the response in all the other 
experiments described above, which proves that in 
order to obtain a rapid global reaction, physical 
contact between enzyme, co-enzyme and mediator 
is needed. The linear range was also the largest, 
0.1-20 mM. showing a higher detection limit of 
20 mM and a lower detection limit of 0.1 mM. In 
this case, as Fig. 3 shows, the smaller the pore size 
of the membrane, the larger the response. This 
could be due. as was indicated above, to the loss 
of the mediator. 

Table I 
Results for alcohol determinaiton in alcoholic beverages 

rulurlltr 43 (I 996) 77% 784 18.3 

1.3. Anu1~~si.s of’ alcoholic btwrugrs 

The performance of the biosensor was tested by 
applying it to the determination of the ethanol 
concentration of different beverages: whisky, gin 
anis (aniseed liqueur) and wine have been 
analysed using the proposed biosensor. 

The only sample treatment required was an 
appropriate dilution, (I:20 000) for the wine and 
(1:50 000) for the others, with phosphate buffer 
solution to fit the analyte concentration within the 
linear range of the calibration curve. The high 
dilution used presents an additional advantage 
because the greater the dilution, the lower the 
interferences that are detected. 

The quantification method chosen was standard 
addition. because when the calibration curve 
method was employed the reproducibility of the 
results obtained on different days was lower. 
These samples were also analysed following the 
Ojficiul Method of 111e Europeun Community 
(1985), consisting of a distillation. Table 1 sum- 
marizes the concentrations found and the recover- 
ies obtained by the biosensor. As can be seen, the 
results show excellent agreement with the label of 
the beverage and with the results obtained by the 
Qficial Method. 

4. Conclusions 

The approach reported here consists of a physi- 
cal immobilization of the enzyme, co-enzyme and 
mediator, without chemical reaction and without 
successive steps for each molecule. The dialysis 
membrane proposed is of such small pore size that 
all the molecules remain in the paste for an ex- 

Beverage Label indicated Experimentally obtained 
alcohol content (‘%I) alcohol content (‘x,) (.1: = 5) 

RSD (“A,) Recovery (‘!A,) 
(N = 5) 

Whisky 40 38.0 * 0.5 I.3 96.5 + I.4 
Gin 40 34.6 i 1.3 3.s 108.0 * 13.5 

Anis 36.5 37.9 t 1.4 3.7 95.0 * 17.0 
Wine I2 12.7 + 3.0 23.6 104.0 * 3.5 
____ --- 
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tended period of time even when they are hydro- 
soluble. In addition, the preparation of the biosen- 
sor is very simple, and requires only a short time. 
The only requirement for reliable sensor response 
is the polishing of the surface before each determi- 
nation. Therefore, the main advantages of this 
device are due to the presence of the dialysis 
membrane which permits easy preparation and 
provides a long period of stability of the biosen- 
sor. It also presents similar higher and lower limits 
of determination and linear range to those of 
previous alcohol biosensors. The analytical appli- 
cation of this biosensor in the ethanol determina- 
tion of real samples has been demonstrated and 
offers an interesting alternative to other determi- 
nations of ethanol, with applications in clinical, 
biotechnological and agricultural analysis. 
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Talanta 

Poly(o -aminophenol)-modified bienzyme carbon paste electrode 
for the detection of uric acid’ 

Abstract 

A reagentless uric acid selective biosensor constructed by immobilising uricase and horseradish peroxidase (HRP) 
in carbon paste without the addition of an electron transfer mediator is described. The response of the electrode is 
based on the enzymatic reduction of hydrogen peroxide in the presence of uric acid. Uricase and HRP were dispersed 
in the carbon paste and the optimum paste mixture was determined. Poly(o-aminophenol) was electropolymerised at 
the working surface area of the electrode acting as a conducting polymer layer. Cyclic voltammetry was used to 
characterise the permselective characteristics of the polymer layer. .4t an applied potential of 50 mV vs. AgAgCl, a 
linear response was obtained up to 1 x IO a M. with a limit of detection of 3 x IO ” M. The sensor had a response 
time of 37 s. a calibration precision of 2.2% (n = 4) and an estimated sample frequency of 20 h ‘_ Responses to the 
analyte of interest here pH dependent. The sensor was incorporated into a flow injection system for the qualification 
of uric acid in human serum. Results compared fdvourably with a standard spectrophotometric method. 

K~~~worcl.c: Aminophenol(poly)-modified electrode: Enzyme electrode; llric acid 

1. Introduction 

The detection, identification and quantification 
of uric acid (2,6,%trihydroxypurine) in human 
physiological fluids is of great importance in the 
diagnosis and therapy of patients suffering from 

a range of disorders associated with altered 
purine metabolism, most notably gout and hype- 
ruricaemia [l]. Other medical conditions, such as 
leukaemia and pneumonia, have been associated 
with enhanced m-ate levels. A number of detec- 
tion methods based on the reduction properties 
[2] of the molecule have been employed. A more 

* Corresponding author. selective approach is the use of uric oxidase 
’ Presented at the Symposium on .Analqtical Sciences, held 

in Paris. France. March 1995. 

’ Permanent address: School of Chelnical Sciences. Dublin 
City University. Dublin 9. Ireland. 

which spe&ally catalyses the oxidation of 
urate resulting in the production of allantoin 

(Eq. (1)). 
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uric acid + 0, + 2H,O + allantoin + H20, + CO, 
(1) 

Allantoin, and its enzymatically reduced 
product, allantoic acid, account for 70-80% of 
the organic nitrogen in the xylem of nitrogen- 
fixing soybean plants and other species of tropical 
grain legumes 131. Dilena et al. [4] utilised UV 
spectrophotometry to detect enzymatic degrada- 
tion of uric acid by exploiting the chromophore 
existing at the C(4)=C(5) bond. Uric acid has been 
shown to rapidly adsorb onto carbon paste elec- 
trode surfaces [5-71; this phenomenon has led to 
the development of a controlled adsorption pro- 
cess for its selective determination in flowing 
streams. 

Various types of electrochemical enzyme sen- 
sors have been reported for urate determination 
[8-lo]. The first amperometric method for its 
quantitative determination in biological fluids was 
reported by Nanjo and Guilbault based on the 
consumption of dissolved oxygen [l I]. Janchen et 
al. carried out similar studies in the presence of 
oxygen [12]. Coulometry, using a porous carbon 
felt electrode, has also been applied to its determi- 
nation in human urine. The compound of interest 
was electrolysed with nearly 100% current 
efficiency at the carbon surface. Hydrogen perox- 
ide however. is not electroactive at this surface 
[13,14]. 

As previously stated, uricase specifically cataly- 
ses the oxidation of uric acid. The disappearance 
of oxygen, H,O, or COZ production [15] may be 
exploited for urate sensing. In the first situation, 
dissolved O2 may also be consumed by com- 
pounds such as ascorbic acid and thiol-containing 
substances [ 161. Moreover, ascorbate and thiols 
may also react with peroxide produced by the 
uricase-catalysed reaction of uric acid. Electro- 
chemical enzyme sensors have been developed 
based on the amperometric determination of en- 
zymatically liberated H,O, from the uricase reac- 
tion (Eq. (1)) [17-201. These systems exploit the 
anodic electroactivity of peroxide. Unfortunately. 
its oxidation has been reported to require rela- 
tively high applied potentials ( > 0.4 V) and is 
therefore susceptible to interferences from readily 
oxidizible molecules. The elimination of interfer- 

ences was achieved by Kulys and colleagues when 
horseradish peroxidase (HRP) served as a catalyst 
for the reaction between H,O, and hexacyanofer- 
rate(II) followed by reduction of the resulting 
hexacyanoferrate(II1) at 0 V vs. Ag/AgCl [21]. 
Tatsuma and Watanabe observed that with a uric 
acid oxidase/HRP bi-layer modified electrode, an- 
odic current (at an applied potential of +0..5 V) 
results primarily from m-ate oxidation and is only 
partially due to peroxide oxidation [ 191. Operating 
at a lower potential of + 150 mV, coupled with a 
HRP mediator system, significantly reduces the 
magnitude of urate oxidation. Its detection in 
peroxidase-containing systems can be adversely 
affected, as oxidised urate can donate electrons to 
peroxidase, thus reducing its capacity to detect 
enzymatically generated H,Oz [22]. 

The feasibility of using HRP for the ampero- 
metric biosensing of organic peroxides is known 
[23]. In 1979, there was a report of an electron 
transfer between carbon black and the active sites 
of HRP without the addition of a mediator [24]. 
Peroxidases other than HRP such as cytochrom c 
peroxidase [25] and a fungal peroxidase from 
Arthromyces rumosus [26] have been applied in 
this fashion. Gorton has reviewed the increasing 
number of reports on mediatorless mode elec- 
trodes where charge transfer between the elec- 
trode and enzyme occurs only if the enzyme is in 
intimate contact with the conducting surface [27]. 
Peroxidase and glucose oxidase have been co-im- 
mobilized on graphite to provide a reagentless 
glucose sensor even though the nature of electron 
transfer was unclear [28]; Wollenberger et al. have 
suggested the possible role of surface functionali- 
ties in electron mediation [29]. 

In this paper. we describe the development of a 
novel reagentless bienzyme sensor for the indirect 
amperometric detection of uric acid via the bio- 
catalytic production of hydrogen peroxide. The 
co-immobilisation of uricase and HRP in carbon 
paste, coupled with the electropolymerisation of 
o-aminophenol at the surface of the electrode, has 
proven to be an interesting alternative to conven- 
tional methods for the preparation of biosensors. 
Such modified surfaces are of interest from an 
analytical viewpoint in that they may be used to 
enhance analyte permeability while reducing inter- 
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ference effects. The sensor was also examined for 
its applicability to urate quantification in human 
serum. 

2. Experimental 

2.1. Reugen ts 

Horseradish peroxidase (HRP, E.C. 1.1 I, I .7, 
type VI A), uric acid, uricase (uric acid oxidase, 
E.C. 1.7.3.3) and cellulose membrane dialysis tub- 
ing (12 000 Da cutoff) were purchased from 
Sigma. Hydrogen peroxide was obtained from 
Aldrich. o -Aminophenol was purchased from 
Fluka Chemika. 

Standard mate solutions were made up daily by 
dissolving uric acid in a stoichiometric excess of 
NaOH, made up in background electrofyte. 0.) M 
phosphate buffer. Standards were then wrapped in 
aluminium foil to prevent thermal and 
photodegradation. Carbon paste was prepared by 
mixing 1.8 ml of paraffin oil (Uvasol, Merck) with 
5 g of spectroscopic grade graphite powder (Ultra 
Carbon, Dicoex. Bilbao). All other reagents (sul- 
phuric acid, sodium hydroxide) were of analytical 
grade. Serum samples obtained from Bio-Quim 
Laboratories (Oviedo), were diluted as deemed 
appropriate with background solution. 

2.2. Apjmmis 

Cyclic voltammetry and amperometry were per- 
formed using a Metrohm E612 VA scanner in 
conjunction with an E641 VA detector. connected 
to a Linseis LYl600 x-y recorder plotter to 
record voltammograms. A Linseis L6012B re- 
vorder was used for recording amperometric mea- 
surements. Static measurements were carried out 
in a Metrohm glass cell, incorporating a conven- 
tional three-electrode system. The working elec- 
trode was a piston-type carbon paste electrode 
with a Teflon body and stainless steel contact. 
The active surface was a disk with a geometric 
area of 7.1 mm’. Potentials were measured and 
referred to a silver/silver chloride/saturated potas- 
sium chloride reference electrode. A platinum wire 
served as an auxillary electrode. The test solution 

(20 ml) was magnetically agitated (500 rev min ‘) 
when necessary. The rate of agitation was mea- 
sured using an electronic speed meter (Heidolph 
2001). 

Flow injection amperometric measurements 
were carried out using a twelve cylinder Spetec 
Perimax 12 Peristaltic pump and a six-port rotary 
valve (Rheodyne 7125) as carrier propulsion and 
injection systems, respectively. Analysis was car- 
ried out in a home-made thin-layer flow cell 
(Kissinger design) [30], equipped with a working 
electrode of geometric proportions as described 
previously. A down stream compartment con- 
nected to the thin layer cell outlet contained the 
reference electrode incorporating a low resistance 
liquid junction and a stainless steel waste tube 
acting as a counter electrode. 

The kinetic parameters k,, and I’,,,,, for the 
bienzyme electrodes were calculated using an En- 
zfitter programme. 

Uricase, HRP and ferrocene (used in prelimi- 
nary trials) were added to unmodified carbon 
paste and mixed thoroughly for 30 min. The 
resulting mixture was packed into the well of the 
working electrode to a depth of approximately 2 
mm and the surface then smoothed on a sheet of 
white paper. Easily renewable surfaces are highly 
desirable as HRP undergoes inactivation upon 
exposure to increasing concentrations of peroxide 
[29]. 

Electropolymerisation of the monomer (o- 
aminophenol) at the working surface area of the 
electrode was carried out in 0.1 M acetic acid, pH 
5.0, in the potential range O-O.7 V for 10 min at 
a scan rate of 50 mV s - ‘. The acetic acid medium 
was previously purged with helium to remove 
moleclar oxygen. The quality of the electropoly- 
merised layer was verified by carrying out a cyclic 
scan in the aforementioned voltage range. The 
electrode was then rinsed for a short time in 
phosphate buIfer. In both static and flow systems, 
the assembled cell was equilibrated with the sup- 
porting electrolyte (not purged with helium as 
molecular oxygen acts as a natural co-factor for 
uricase. thus depleting HzOz production) while 
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applying a working potential. Signals were 
recorded after the transient signal decayed. 

3. Results and discussion 

3.1. CycIic wltumrnetr~ 

Cyclic voltammetry was performed on bare and 
polymer-modified electrodes to examine their 
permselective and electrocatalytic properties. Fig. 
l(a) and l(b) depict the electro-oxidation of uric 
acid to allantoin on bare and polymer-coated 
surfaces, respectively. Oxidation-type reactions of 
reduced biomolecules such as urate involve anodic 
processes, the magnitude of this current being 
proportional to increasing analyte concentration. 
This particular process occurs at both electrodes, 
at an almost identical potential ( + 0.4 V), the 
anodic current reduced approximately 50% at the 
poly(o-aminophenol)-modified electrode. This is 
expected as such membrane-covered electrodes 
generally yield signals of smaller magnitude due 
to the imposition of an additional diffusion bar- 
rier. The ratio between the current at the latter 
electrode and that of the bare electrode is a 
measure of coating permeability. 

The permeability properties of poly(o- 
aminophenol) acting as a conducting polymer 
were compared to those of a cellulose dialysis 
membrane (12 000 Da cut-off) by amperometry. 
An optimised loading of enzyme was used (see 
later) in the carbon paste. 

The polymer-modified electrode has a higher 
maximum enzymatic reaction rate, V,,, = 3.17 x 
lo- ‘, compared to that of the cellulose mem- 
brane covered electrode, V,,,,, = 1.91 x 10-l. The 
apparent Michaelis constant, K,,,, of the latter 
electrode was 1.99 x 10 ~ 3, which was slightly 
higher than that of the polymerised sensor (K,, = 
1.92 x lo- ‘). The higher Km value would suggest 
mass transfer limitations between the bienzyme 
layer and the analyte solution (Fig. 2). 

Hydrolysis of membrane films has been re- 
ported to increase porosity [31]. A similar idea 
was investigated in the case of poly(o-aminophe- 
nol). On storage in 0.1 M phosphate buffer, pH 
7.5. amnerometric resnonses to standard additions 

of uric acid increased by approximately 150% 
after 2 h. The enzymatic production of peroxide 
due to uricase catalysis may in some way alter the 

I / I I I I 

0 0.2 0.4 0.6 0.8 1.0 

E /V (Ag/AgCI) 

(a) 

I I I I I 7 

0 0.2 0.4 0.6 0.8 1.0 

E /V (AgiAgCI) 

(b) 
Fig. 1. Cyclic voltammetric behaviour of uric acid at (a) 
unmodified carbon paste electrode (no enzyme present) (b) 
poly(o-aminophenol).modified electrode. (A) 0. I M phosphate 
buffer, pH 6.5; (B) 0.5 mM uric acid; (C) I.0 mM uric acid. 
Conditions: sensitivity, 5 ,L~A; scan range, 0 to + I.0 V: scan 
rate. 50 m V s ‘. 
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Fig. 2. Dependence of current (nA) on uric acid additions in 
0. I M phosphate. pH 6.5. Poly(o-aminophenol)-modified car- 
bon paste electrode ( n ); cellulose membrane covered carbon 
paste electrode (0); applied potential + 0.05 V. 

selectivity properties of the polymer, causing an 
increase in film permeability with time. Such “in- 
creases” in signals remained for 24 h followed by 
a return to initial signal intensities; this phe- 
nomenon is probably due to a number of complex 
processes. 

The effect of increasing the concentration of 
monomer during the electropolymerisation pro- 
cess was explored. An increasing concentration 
resulted in more intense signals to injections of 
uric acid standards, in stirred solutions. This phe- 
nomenon was also observed when the sensor was 
applied to a flowing stream set-up. Faster re- 
sponse times were recorded (24s for tg5'::, of signal) 
for a polymer layer built in a 5 x 10 ~’ M concen- 
tration of o-aminophenol as opposed to 39s for a 
lo-fold increase in monomer concentration (flow 
rate, 1 ml min - ‘). Operation at a higher flow rate 
of 2 ml min ’ resulted in a reduction of 42% in 
estimated response times. These results indicate a 
rapid replenishment of the solution from the sur- 
face, i.e. lack of analyte trapping. Another expla- 
nation for this is that the faster the sample plug 
passes the electrode, the smaller the fraction of 

consumed sample in the enzyme layer at the elec- 
trode surface (kinetic limitations) [28]. Fast sensor 
response times are an important prerequisite in 
flow injection applications, however a reduction 
in signal intensity usually results. 

The polymer film was formed at the CPE sur- 
face by electrodeposition. This layer is required 
only for retaining the enzyme composition in the 
carbon paste [33]. Polymerisation of o-aminophe- 
no1 continues until the surface is completely cov- 
ered, which is signalled by the current decreasing 
to a minimum as the monomer cannot penetrate 
this film [34]. The dispersion of the flow at 0.85 
and 2.48 ml min ~ ’ was evaluated from measure- 
ments of 5 x lop5 M uric acid. The dispersion 
factors, D = (i ” steady statr:‘peak max ) [32] of the flow 
system was 1.0 for a flow rate of 0.85 ml min ’ 
and 1.15 for 2.48 ml min’. 

3.2. Optinkution of uric mid sensor design 

A study was undertaken to examine the neces- 
sity for an electron transfer mediator [27]. Carbon 
paste electrodes containing 5% w/w ferrocene and 
10% w/w enzyme (uricase + HRP), exhibited slow 
responses and small amperometric signals to uric 
acid additions. Removal of ferrocene from the 
electrode alleviated this problem. On addition of 
uric acid standards to the test solutions incorpo- 
rating ferrocene-modified electrodes, peaks in cur- 
rent were followed by slow gradual decreases to 
the original baseline level due to the diffusion of 
ferricinium ions to the bulk solution. Coating the 
electrode surface with a cation-exchange mem- 
brane such as Nafion would prevent such a diffu- 
sional effect [35]. Non-ferrocene containing 
electrodes did not exhibit this behaviour. 

An investigation was performed to find the 
optimum ratio of the amounts of HRP and uric- 
ase used in the reaction mixture for immobilisa- 
tion. The amount of immobilised enzyme utilised 
in all preliminary investigations did not exceed 
15% wiw. Greater percentages did not improve 
the response characteristics of the sensor. Differ- 
ent paste mixtures were prepared with one enzyme 
maintained at a fixed % (w/w) value while the 
proportion of the other was varied. Fig. 3 illus- 
trates the responses to urate for various paste 
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compositions. A gradual increase with relative 
increases in O/W uricase was noted. Response times 
reduced with increasing proportions of uricase up 
to a certain point, after which they were stable. 
Electrodes modified with 3% (w/w) HRP gave rise 
to the greatest sensitivity; higher percentages gave 
no further improvement. The relationship that 
exists between the sensitivity of an electrode and 
the immobilised activity depends primarily on the 
affinity of the oxidase (uricase) for its specific 
substrate (uric acid) [36]. In bienzyme systems, it 
is appropriate that a higher auxillary enzyme ac- 
tivity be maintained compared with that of the 
detecting activity, in order to enzymatically oxi- 
dise as much intermediate metabolite in the mi- 
croenvironment as possible into substances that 
can be detected by an electrochemical transducer. 
In addition, it appears unnecessary to load higher 
activity if no improvement in sensitivity is at- 
tained. Thus a paste mixture of 7% w/w uricase 
and 3% w/w HRP was subsequently used. 

Our method for preparing the carbon paste’ 
paraffin oil mixture was similar to that of Cai et 
al. [7]. The procedure for incorporating HRP and 

,,I 

4 I / I 

1 2 3 4 5 6 7 

w/w enzyme/“/, 

Fig. 3. Etrect of enzyme loading on the sensitivity of the 
biosensor. ( n ) Uricase fixed at 7% w/w (0); HRP fixed at 3’!4 
w/w. Measurements were performed in 20 ml of 0.1 M phos- 
phate butler, pH 6.5 on addition of 3 x 10 - 4 M uric acid. 

uricase into the carbon paste was based on that of 
Wollenberger et al. [29] and Dominguez-Sanchez 
et al. [37]. It may be true that higher response 
currents are obtained in response to substrate 
additions when enzymes are added to graphite 
prior to adding paraffin oil [38]. As is well known, 
dry graphites have very high capacitive currents 
(one of the original reasons for producing paste 
electrodes was to lower the residual current). Mix- 
ing graphite with any solvent always decreases 
electron transfer rates as the hydrocarbon chain 
of the mulling agent lengthens [39]. It has been 
reported however that carbon paste electrodes 
incorporating paraffin oil as the mulling agent as 
opposed to such materials as silicone oil, bromon- 
aphthalene and nujol (mineral oil), have the 
widest useful potential range [40]. 

3.3. Hydmdymmic studies 

Even though amperometric signals are charac- 
teristic of membrane diffusion processes, it is im- 
portant to ensure that current signals are due to 
enzymatically generated H,O, and not due to 
direct electron transfer of uric acid at the working 
surface of the electrode. Hydrodynamic voltam- 
mograms (Fig. 4) were constructed for four elec- 
trode designs over the voltage range - 0.1 to 
+ 0.35 V. Stepwise potential increases (50 mV) 
were applied and the resulting steady state cur- 
rents were recorded and plotted versus applied 
potential (mV). At potentials more negative than 
- 0.2 V, a rapid loss of activity was observed due 
to the irreversible reduction of HRP [41]. Reduc- 
tion processes (cathodic current) were apparent 
for all electrode types, with the exception of the 
unmodified one (no enzyme present). Moreover, 
the respective electrodes containing uricase and 
peroxidase only, exhibited relatively weak ca- 
thodic currents in the presence of urate. However, 
reduction current was significantly enhanced with 
the bienzyme electrode. An operating potential of 
50 mV was selected for further amperometric 
studies. Voltammograms for all electrode types 
show a sharp anodic rise in anodic current over 
the potential range 250-650 mV (full results not 
shown in Fig. 4). Direct oxidation of uric acid 
occurs at potentials above 0.25 V, peaking at 
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Fig. 4. Hydrodynamic boltammograms recorded in a stirred 
0.1 M solution of phosphate buffer (pH 6.5 at 15°C) contain- 
ing 4 x IO-” M uric acid. All electrodes were poly(o- 
aminophenol)-modified. ( n ) lOO’!<~ w,‘w carbon paste; (A) 7% 
a/w uricase: (0) 3% ww HRP: (V) 7”,,+ w w urtcase and 3’~ 
w/w HRP. 

approximately 0.5 V [19] (for a 100% w/w carbon 
paste electrode, no enzyme present). The magni- 
tude of this oxidation current was greater when 
uricase was added to the paste (93% w/w and 7% 
wjw uricase). At this potential, a great deal of 
noise due to background currents and potential 
interference from other electroactive compounds 
was observed. It was previously attempted to 
elucidate this oxidation current by cyclic voltam- 
metry; however. no cathodic return [42] was ob- 
served, similar to the findings of Jawad et al., 
therefore the oxidation process was considered 
irreversible. It appears that the urate oxidation 
wave masks the reduction (of uric acid) process 
observed. From the data obtained it was esti- 
mated that the reduction current at 50 mV was 
approximately 1% of the corresponding oxidation 
process at 650 mV. 

As no mediator is incorporated into the carbon 
paste mixture, the existence of a naturally occur- 
ring mediator for the peroxidase reaction was 
investigated. An electrode modified with 3% w/w 

HRP was used. Poly(o-aminophenol) and uric 
acid were considered as possible mediators to the 
reaction. Various configurations of the HRP elec- 
trode were designed for experiments: (A) CPE 
with poly(o-aminophenol) deposited at surface: 
(B) electrode similar to the latter except 5 x lo- ’ 
M uric acid in solution (in voltammetric cell); (C) 
CPE with cellulose acetate membrane (12 000 Da 
cut-off) at working surface area with 5 x lo-’ M 
o-aminophenol in test solution. 

The poly( o-aminophenol)-modified electrode 
(A) was compared to a cellulose membrane elec- 
trode employing (C) uric acid as a test mediator in 
solution. The latter electrode displayed a signifi- 
cantly higher affinity for H,Oz (K, = 2.83 x 1O-3 
M) compared to that of the former (K,,, = 2.45 x 
10 -~ ’ M). The rate of reaction also increases in 
the presence of urate. In the case of monomer- 
modified electrodes, the affinity of peroxidase for 
hydrogen peroxide appears not to have been en- 
hanced in the presence of uric acid. This would 
indicate that poly(o-aminophenol) does not act as 
mediator to the reaction, even though p- and 
o-aminophenol have been reported as being excel- 
lent electron donors to oxidised HRP. This was 
further illustrated when H,O, was injected into a 
solution containing the monomer (cellulose mem- 
brane electrode, 12 000 Da). The resulting current 
was anodic in nature. A relatively small reduction 
current was produced from an electrode contain- 
ing uricase and peroxidase (poly(o-aminophenol) 
at surface) on inlecting urate relative to responses 
from the optimum design electrode. These data 
would seem to suggest that the electrocatalytic 
reduction of H,O, by HRP immobilised on car- 
bon paste takes place without electron-mediating 
substances suggesting that peroxidase is capable 
of performing electron transfer to the electrode. 

The response of the biosensor is pH dependent 
(Fig. 5). The pH range studied was 5.0-9.0. 
Greater sensitivity was achieved at lower pH val- 
ues; a best fit approximation suggests an optimum 
pH of 6.6. However. a “compromised” pH value 
of 7.5 was chosen in order to mimic the macroen- 
vironment of physiological fluids and to promote 
the long term stability of the sensor. Noisy baseli- 
nes were recorded when using background solu- 
tions in the pH range 5.0-7.0. As variation in the 
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ionic strength of the electrolyte solution is 
thought not to have an effect on sensitivity [20], it 
was not investigated. The pH of a working 
medium is a factor that affects the response of a 
biosensor when the enzymes’ activity is controlled 
by ionising groups. It is important to determine 
the best pH range in order to make the electrode 
compatible with the matirx of interest. The re- 
ported optimum pH of uricase is in the range 
8.5-9.2 [14,42,43]. However, the pH of most 
physiological fluids lies below this range. Keedy 
and Vagdama [20] reported a low pH dependence 
for a uricase electrode in solution.‘More signifi- 
cantly, pH response profiles were found to change 
when using different background solutions. Perox- 
idase has been utilised satisfactorily in the pH 
range 7.0-8.0 [44]. 

3.4. Calibration characteristics in static systems 

Fig. 6 shows the typical amperometric re- 
sponses recorded as a function of uric acid con- 
centration. Responses were found to be linear up 
to 1 x 10 p4 M urate with a detection limit of 
3.14 x lop6 M and a correlation coefficient of 
0.9996. The reproducibility expressed in terms of 

4’ 
5 6 7 6 9 

PH 

Fig. 5. Efiect of pH on the amperometric response of the 
poly(o-aminophenol)-modified carbon paste biosensor. Ap- 
plied potential = + 0.05 V. Readings carried out in 0. I M 
phosphate. (m) Experimental data; (---) Best fit curve. 
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Uric acid/ UM 

I / 
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Fig. 6. Calibration plot for the amperometric determination of 
uric acid in a static system. Applied potential = + 0.05 V vs. 
Ag:AgCI. Carbon paste modified with 3% w/w HRP and 7% 
w/w uricase and coated with poly(o-aminophenol). Also 
shown are the typical responses in the IO ‘- IO 4 M range. 

relative standard deviation was 2.2% (n = 4) for a 
concentration of 2 x 10 5 M uric acid. The sen- 
sor had a response time (t9x,X,) of 37s. The sensor 
response was found to be stable for 2 days while 
stored in background electrolyte at room temper- 
ature. 

3.5. Intrrfrrencr studies 

A prerequisite of quantifying an important ana- 
lyte in physiological fluids is a high degree of 
selectivity. The sensor response should be specific 
for that analyte and not involve other electroac- 
tive substances in the sample. A range of naturally 
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occurring substances in blood were then examined 
for their potential interference effects. Results 
were compared with a standard urate response 
acting as a control (5 x lo-” M). Alternate uric 
acid injections were made in a cell containing 0.1 
M phosphate buffer and another cell containing a 
known concentration of the test compound made 
up in background solution. Ascorbic acid gave 
approximately 2 and 15% increases in signal for 
mean (2.8 x 10 -’ M) and upper (3.41 x lo-” M) 
levels found in blood respectively. The presence of 
bilirubin [45] was found to have a detrimental 
effect on urate signals. A concentration of 1.7 x 
10 4 M resulted in decreases of 3.5% in signal 
intensity. As bilirubin is too big to pass through 
the polymer layer, it is possible that some form of 
interaction occurs with uric acid at the working 
surface area of the electrode, resulting in a dimin- 
ished current. As the bilirubin level tested is high 
and anticipated physiological levels would be sig- 
nificantly lower, it was hoped that this fact cou- 
pled with dilution of serum samples would 
minimise this effect. 
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Fig. 7. Variation of the electrode response with flow rate. 

Applied potential = + 0.05 V vs. Ag/AgCI. Uric acid concen- 

tration=5 x IO-’ M. 
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Fig. 8. Flow injection amperometric responses to uric acid 

standards. Conditions: carrier stream was 0.1 M phosphate 

bulTer, pH 7.5; flow rate = I ml min ‘; sample loop volume 

was SO0 1’1: applied potential was + 0.05 V vs. Ag/AgCI. (A) 

2 x IO-5 M: (6) 4 x IO ‘M:(C)6x10-1M:(D)8x10-‘ 

M; (E) I x IO 4 M; (F) 2 x IO-’ M; (G) 4 x IO 4 M; (H) 

6 x IO-“ M; (I) 8 x IO ’ M. 

The bienzyme electrode was then investigated 
as the working electrode in a flow injection sys- 
tem. Preliminary results suggested that the detec- 
tion of uric acid is feasible over a wide range 
of experimental conditions. The applied working 
potential was fixed at 50 mV vs. AglAgCl. 
The carrier stream was 0.1 M phosphate buffer, 
pH 7.5. Carrier solutions were not degassed by 
purging with helium prior to operation. Some- 
what noisy baselines and high background cur- 
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Table I 
Determination of uric acid In real samples with poly(o- 
aminophenol) uricaw HRP modified carbon paste electrode 

Serum U.A.” concentration U.A. concentration Results 
sample determined by UV determined by (‘%, 

at 293 nm (mg L-‘) sensor (mg L-‘) 

I 5.3 3.9 93 
2 3.6 1.1 90 
3 5.5 5.2 95 
4 6.2 5.6 91 
5 3.9 3.7 95 

Experimental conditions as described in text. 
“U.A., Uric acid. 

rents were found with carrier streams in the 
pH range 5.0-7.0. As with analysis in quies- 
cent solution, peak currents were marginally 
higher at pH values below 7; for a 2 x 10 mm’ 
M urate standard. an increase of 33% in signal 
was observed (using a carrier stream, pH 6.0) 
relative to injecting the same standard into a 
carrier stream of pH 7.5. Analysis in stirred 
solution showed a relative increase of 19.35%. 

The effect of varying the flow rate of the 
carrier stream was then examined (Fig, 7). 
Three electrodes were examined in the flow 
system with a relative standard deviation of 
less than 6.0%. The highest sensitivity for 5 x 
lops M injections of urate was obtained at a 
flow rate of 0.85 ml min ’ with appreciable 
decreases in signal intensity at higher flow 
rates. Moreover, operation at high flow rates 
resulted in distorted baselines. Decreasing the 
sample loop volume from 500 to 300 /ll re- 
sulted in a decrease in sensitivity, a narrowing 
of the linear dynamic range and lower detec- 
tion limits. Use of the smaller loop resulted in 
slight memory effects. Longer washing times at 
the expense of sample frequency could alleviate 
this problem; however, employing the larger 
sample loop eliminated this problem. The most 
suitable monomer concentration for poly( o- 
amino-phenol) coating of the electrode surface 
was found to be 5 x lop3 M, even though a 
concentration ten times less than this improved 
response times and more rapid returns to base- 
line levels. 

The calibration characteristics of the elec- 
trode in flowing streams were then examined. 
Fig. 8 shows typical signals for uric acid stan- 
dards. The calibration plot provided a linear 
response up to 2 x 10 P4 M with a slope, 
intercept and correlation coefficient of 2.13 x 
10” nA mol.~ ’ 1, 0.71 nA and 0.9996 (n = 6) 
respectively. No linear ranges existed at higher 
concentrations. The L.O.D. was calculated at 
6.8 x lo-” M. Increasing the flow rate from 
0.85 to 2.0 ml min ’ reduced the detection 
limit to 8.1 x 10 ~’ M and slightly reduced the 
dynamic range. A series of 6 repetitive injec- 
tions of 1 x 10 ~ 4 M urate yielded a relative 
standard deviation of 2.0%. The maximum al- 
lowable sample frequency was estimated as be- 
ing 20 hP ‘. The electrode, incorporated into 
the flow system. was found to be more 
stable than in stirred solution. This phe- 
nomenon is probably due to the continuous 
flow of the carrier stream washing unreacted 
urate from the carbon paste of the working 
electrode. 

The influence of allopurinol on uric acid am- 
perometric signals was examined. The drug in- 
hibits xanthine oxidase, in that its oxidised 
form (oxypurinol) binds tightly to the reduced 
form of the enzyme. The oxidase catalytically 
converts hypoxanthine to uric acid and hydro- 
gen peroxide [46]. Allopurinol is used in the 
treatment of chronic gout and hyperuricaemia 
(symptoms associated with enhanced urate lev- 
els). A high concentration of the oxidase in- 
hibitor (1 x 10 ’ M) was added to the carrier 
stream. No adverse effects such as background 
current, baseline drift or signal noise were ob- 
served. Repeated injections of uric acid (1 x 
10 ~ 4 M) were carried out in the presence and 
absence of the drug. A reduction in current 
signal of 10.5% was noted. Two possibilities 
may account for this: oxidation of allopurinol 
thus interfering with the oxidase catalytic 
mechanism and/or blockage or interaction at 
the working electrode surface. Again, it was 
hoped that dilution of samples could reduce 
such a problem. 



Serum samples containing different concentra- 
tions of uric acid were then analysed using the 
optimum design sensor (Table 1). Samples were 
diluted 1: IO with carrier solution and the pH 
adjusted to 7.5 (when required). Diluted samples 
were then injected directly into the flow system 
and the concentration of uric acid present esti- 
mated from a calibration plot. Results were in 
reasonable agreement with those determined by 
UV spectrophotometry. Repeated exposure of 
the electrode to diluted serum had no adverse 
effect on amperometric signal size. 

4. Conclusion 

In this study, a novel reagentless sensor based 
on the co-immobilisation of HRP and uricase in 
a carbon paste for the detection of uric acid has 
been described. The electrode works at a very 
fdvourable potential and has a short response 
time. The composition of the carbon paste may 
go some way in explaining the nature of the 
response where heterogeneous electron transfer 
occurs between HRP and the electrode, how- 
ever, the precise nature of this mechanism re- 
mains unclear [29]. 

Conducting polymer coatings can be elec- 
trodeposited at the working area of electrodes 
with great precision. We have noted that 
poly(n-aminophenol) is stable for a considerable 
length of time when stored in background elec- 
trolyte at room temperature. Physical character- 
istics such as film thickness can be easily 
controlled thus regulating the rate of analyte 
diffusion through the immobilised layer [47]. 

The advantage of this polymer is that it ap- 
pears to have effectively protected the electrode 
from interferences and fouling. To our knowl- 
edge, analysis of unspiked human serum com- 
pared as well as, if not better, than other 
previously reported enzyme/electrode based 
methods for the detection of uric acid in a com- 
plex physiological matrix. Note here that in our 
interference studies the concentrations of poten- 
tial interferents tested were much higher than 

anticipated physiological levels. Moreover, 
serum samples were simply diluted with back- 
ground electrolyte rather than extraction which 
is time consuming and restricts the sampling 
frequency. 
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Hydrogen chromate PVC matrix membrane sensor for 
potentiometric determination of chromium(II1) and 

chromium(V1) ions 

Saad S.M. HassaC*, M.N. Abbas”, G.A.E. Moustafab 

Abstract 

A novel potentiometric Cr’ + PVC matrix membrane sensor incorporating nickel tris( 1, IO-bathophenanthroline) 
hydrogen chromate as an electroactive material and 2-nitrophenyl phenyl ether as solvent mediator is described. In 
a phosphate buffer solution of pH 5, the sensor displays a rapid and linear response for Crh- over the concentration 
range2x 10 ‘-8 x IO-” M with an anionic slope of 55.5 i 0.2 mV decade- ’ and a detection limit of the order of 
0.4 /lg ml ‘. The sensor is used for sequential determination of Cr”+ and Cr3 + by direct monitoring of Cr6+ 
followed by oxidation of Cr7+ and measurement of the total chromium. The average recoveries of Cr’ + and Cr6 + 
at concentration levels of 0.5~50 pg mll ’ are 98.1 + 0.4% and 99.1 & 0.4% respectively. Redox and precipitation 
titrations involving Cr” + as a titrant are monitored with the sensor. Cr3 + and/or Crh+ in wastewaters of some 
industries (e.g., leather tanning, electroplating, aluminum painting) and the chromium contents of some alloys and 
refractory bricks are assessed. The results agree fairly well with data obtained using the standard diphenylcarbazide 
spectrophotometric method. 

Ke)~ilorcts: Chromium(II1); Chromium(M); PVC matrix membrane sensor; Potentiometric determination 

1. Introduction 

Determination of chromium has received con- 
siderable attention because of the highly toxic 
nature of Crh+ and the useful biological activity 
of Cr3 + [l]. Both forms of chromium enter the 
environment from various sources as the effluent 

* Corresponding author. 

discharge of tanning industries. electroplating, ox- 
idative dyeing, chemical industries, steel works 
and cooling water towers. Techniques and ap- 
proaches in current use for the separate and se- 
quential determination of both forms of 
chromium include spectrophotometry [2- 41, spec- 
trofluorimetry [5], atomic absorption spectrome- 
try [6.7], differential pulse polarography [8], 
differential pulse voltammetry [9], ion chromatog- 
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raphy [lo], X-ray fluorescence [11] and gas chro- 
matography [12,13]. Most of these methods in- 
volve several manipulation steps and require 
sophisticated instruments. 

Direct potentiometric methods for determining 
chromium, however, are simpler, much faster and 
less expensive. Potentiometric sensors for Cr”- 
based on the use of the chromate salts of quater- 
nary phosphonium [ 14,151, quaternary ammo- 
nium [16620], crystal violet [21] and barium 
[22,23] as electroactive materials dispersed in 
lipophilic solvents [ 18,2 1] and poly(viny1 chloride) 
[ 14- 17,191 and silicon rubber [22] membranes 
have been suggested. A solid-state Cr’+ chalco- 
genide membrane sensor has also been described 
[24]. Many of these sensors, however, are not 
sensitive enough to permit measurement of 
chromium at concentration levels of < lo-’ or 
lop4 M [l&19,21,22], display poor selectivity in 
the presence of various common cations and an- 
ions (e.g. F-, SO:-, I-, S2-, Cu’+, Ni’+, 
Pb2 +, Fe2+, Ba2+, Ca’+, Mg2 ‘) [l&22.23], ex- 
hibit non-Nernstian response [15,22] and have 
long response times. 

The present work describes the preparation and 
potentiometric characterization of a novel Crh + 
PVC sensor based on the use of nickel tris- 
(bathophenanthroline) hydrogen chromate ion- 
pair complex as electroactive material and 
2-nitrophenyl phenyl ether as a plasticizer. The 
sensitivity, stability and selectivity of the sensor 
are significantly better than many of those previ- 
ously advocated. The sensor has been used satis- 
factorily for sequential determination of 
Cr’+ /Cr6 + in various industrial materials and for 
the monitoring of some redox and precipitation 
titrations involving Cr’+ . 

2. Experimental 

2.1. Apparatus 

All potentiometric measurements were per- 
formed at 25 ? 1°C using an Orion Model SA 720 
digital pH/millivoltmeter with a nickel tris( 1, lo- 
bathophenanthroline) hydrogen chromate PVC 
matrix membrane sensor in conjunction with a 

double-junction Ag/AgCl reference electrode 
(Orion 90-02) containing 10% (w/v) potassium 
chloride in the outer compartment. A combina- 
tion Ross glass pH electrode (Orion 81-02) was 
used for all pH measurements. 

Spectrophotometric measurements were made 
at 540 nm with a Shimadzu UV-240 recording 
spectrophotometer using 10 mm matched fused 
silica cuvettes. 

2.2. Reugents und materials 

All chemicals were of analytical-reagent grade 
and deionized doubly-distilled water was used 
throughout. Bathophenanthroline monohydrate 
(phen) was obtained from Merck. Ni(I1) sulphate, 
potassium dichromate, potassium chromate, 
diphenylcarbazide, tetrahydrofuran (THF) and 
poly(viny1 chloride) (PVC) powder were obtained 
from Aldrich. 2-Nitrophenyl phenyl ether (NPPE) 
was purchased from Kodak. A stock lo- ’ M 
chromium(V1) standard solution was prepared by 
dissolving 1.94 g of K,CrO, in 100 ml of deion- 
ized bidistilled water. Chromium(V1) solutions 
(10 ‘- 10 ~’ M) were prepared by serial dilutions. 
Phosphate buffer (7 x 10 - ’ M) pH5 was freshly 
prepared. 

2.3. Nickel tris(l,lO-bathophenrtnthroline) 
hydrogen clzromute membrune sensor 

A 10 ml aliquot of 10 -’ M chromate solution 
was mixed with a 5 ml aliquot of lo- 2 M Ni(I1) 
tris( 1, lo-bathophenanthroline) solution. After 
stirring for 5 min, a yellow hydrogen chromate 
ion-pair complex was precipitated, filtred off on a 
Whatman filter paper No. 42, washed with cold 
water, dried at room temperature for 24 h and 
ground to a fine powder. A 10 mg portion of 
Ni(II) tris( 1, lo-bathophenanthroline) hydrogen 
chromate ion pair was thoroughly mixed in a 
glass Petri dish (5 cm diameter), with 0.35 ml 
NPPE, 0.19 g PVC and 5 ml THF. The petri dish 
was covered with a filter paper and left to stand 
overnight to allow slow evaporation of the solvent 
at room temperature. A PVC master membrane 
( z 0.1 mm thick) was obtained and used for the 
preparation of the sensor as previously described 
[25,26]. 
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2.4. Determinution of Cr”’ und Cr-’ i 

The hydrogen chromate PVC sensor was im- 
mersed in conjunction with a double junction 
Ag/AgCl reference electrode into a 9.0 ml phos- 
phate buffer solution pH 5. After potential stabi- 
lization to * 0.2 mV, a 1.0 ml aliquot of 
1O-3-1O-5 M K,Cr,O, solution ( = 52-0.52 pug 
ml - ’ Cr6 +) was added. The potential reading 
was plotted as a function of the logarithm 
of Cr6+ concentration and the plot was used 
for subsequent measurement of unknown Cr6+ 
samples. 

2.5. Determinution of Cr ’ + 

A 10 ml aliquot of Cr’+ test solution contain- 
ing lo-50 pg ml ~ ’ Cr3 + was transferred to a 50 
ml beaker, followed by addition of a 2-3 ml 
aliquot of 2 x 10 * M KMnO, and 2 ml of 9 M 
H,SO,. The test solution was heated on a boiling 
water bath for 10 min. More KMnO, was added 
dropwise when the pink colour disappeared. A 
few drops of 2.5% w/v sodium azide were slowly 
added dropwise until complete decolourization. 
The solution was transferred to a 25 ml standard 
flask, diluted with deionized doubly-distilled wa- 
ter to the mark and shaken. A 1.0 ml aliquot of 
this test solution was transferred to a 50 ml 
beaker containing 9.0 ml stirred phosphate buffer 
(pH 5) and the chromium sensor. The chromium 
content was measured as described above. 

Chromium(V1) and chromium(II1) in synthetic 
mixtures and in industrial wastewaters were se- 
quentially determined using the above procedures 
successively after appropriate sample dilutions. 

2.6. Determination of chromium in ullo~s 

A 0.5 g portion of chromium-containing steel 
(12-29X w/w Cr) was transferred to a 100 ml 
beaker and dissolved in 10 ml of 16 M HNO, 
and 15 ml of 70% HClO,. The solution was 
evaporated until dense fumes of HClO, were pro- 
duced and boiled gently for 5 min to oxidise the 
chromium. The beaker and contents were cooled 
rapidly and the solution was diluted by addition 
of 20 ml of deionized distilled water. The solution 

was transferred quantitatively to a 500 ml volu- 
metric flask and diluted to the mark with deion- 
ized distilled water. The chromium was potentio- 
metrically determined as described above. 

2.7. Determinution of chromium in refructorl 
bricks 

A 0.2-0.3 g sample of the fine powder of the 
brick sample was transferred to a nickel crucible 
followed by addition of 0.3 g sodium peroxide 
and 5 g of potassium pyrosulphate. The mixture 
was fused at 800°C in a muffle furnace for 30 
min. The residue was dissolved in z 400 ml of 8 
M hydrochloric acid solution and boiled to a 
final volume of 100 ml. The solution was trans- 
ferred to a 500 ml volumetric flask and made up 
to the mark with doubly-distilled deionized water. 
The Cr”’ content was measured as previously 
described. 

3. Results and discussion 

3.1. Sensor churucteristics 

The potentiometric response characteristics of 
a Cr6+ sensor based on the use of nickel tris- 
(bathophenanthroline) hydrogen chromate ion- 
pair complex as a novel electroactive material 
and 2-nitrophenyl phenyl ether as a plasticizer in 
a PVC matrix were evaluated according to IU- 
PAC recommendations [27] and the results are 
given in Table 1. In a phosphate buffer of pH 5, 
the sensor exhibits a linear and stable response 
for Crh- over the concentration range 2 x lo- I- 
8 x lo-” M with an anionic slope of 55.5 i 0.2 
mV decade ’ (Fig. I), the lower limit of detec- 
tion being 8 x 10e6 M( = 0.4 pg ml ~~’ Cr6+). 
Although other buffer solutions of pH 5 (e.g. 
acetate) can be successfully used, a response 
graph with a lower limit of detection is obtained 
with the phosphate buffer solution. It should be 
mentioned that addition of aqueous CrhC test 
solution to 0.1 M phosphate buffer pH 5 does 
not cause a pH change of more than 0.15 pH 
units ( Z 9 mV) for final Cr’+ concentrations of 
lo-‘-10 ’ M. 



Table I 

Response characteristics of a nickel tris(bathophenanthrohne) 

hydrogen chromate PVC matrix membrane sensor 

Parameter Crh + sensor” 

Slope (mV decade-‘) ~ 55.5 2 0.3 

Intercept (mV) -91.1 * 0.3 

Correlation coefficient (r) 0.997 

Lower detection limit (M) 8 x 10mh 

Lower limit of linear range (M) 2x10~’ 

Response time for [Cr6+] change from 20 * 2 

1 x IO-’ to I x IO-’ M (s) 

Working acidity range (pH) 4 6 

j’ Average of five measurements. 

The time required for the sensor to reach 95% 
of the steady potential response at pH 5, after 
successive immersion in a series of CP+ solu- 
tions, each having a IO-fold difference in concen- 
tration from the last, ranges from 20 s for 
[Cr”-] r 10 ’ M to 30 s for lower concentra- 
tions. The standard deviation of the sensor poten- 
tial readings over a period of 10 min is k 0.2 mV. 
The sensor exhibits a day-to-day reproducibility 
of about & 1 mV for the same solutions over a 

period of 6 weeks after preparation. The useful 
lifetime of the sensor is 6 weeks, during which the 
potential slope is reproducible to within + 2 mV 
per concentration decade. 

Chromium(VI) is present in aqueous solutions 
as chromate, dichromate, hydrogen chromate, 
chromic acid, hydrogen dichromate, trichromate 
and tetrachromate [28]. The last three ions have 
been detected only in strongly acidic solutions. 
Within the pH range 4-5.5, however, the mono- 
valent hydrogen chromate anion is the predomi- 
nant species. The pH of aqueous 10 -‘L lop4 M 
CP + solutions was changed by the addition of 
very small volumes of dilute NaOH or H,SO, 
solutions and the potential of the solutions was 
monitored. The results reveal that the sensor re- 
sponse is relatively independent of the pH varia- 
tion over the pH range 446. As the pH value 
increases up to 8. the starting potential of the 
chromium solutions is shifted towards more posi- 
tive values. This corresponds to the decrease in 
the measurable concentration of HCrO,. The 
calibration slope declines to < 30 mV decade ~ ’ 
which is almost equivalent to the Nernstian slope 
for a doubly-charged anion. This behaviour can 

360 - 

320 - 

z -9 

Ill- 
\ 

280 - 

9, 

6 5 4 3 2 

-log[HCr04-1, M 

Fig. 1. Potential response of nickel tris(bathophenanthroline) hydrogen chromate PVC matrix membrane to different concentrations 

of Cr”+ in 0.1 M phosphate bulTer solutions of pH 5. 
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Table 2 
Potentiometric selectivity coefficients of a nickel tris- 
(bathophenanthroline) hydrogen chromate PVC matrix mem- 
brane sensor 

lnterferent K’“’ < r.B lnterferent KP” < I.8 
(B) (B) 

Mn’+ I.1 x IO-’ F- 1.1 x lo-’ 
Mg’+ 1.0x 10-2 Cl- 2.0x 10-l 
CU” 1.3 x lo-’ Br- 3.6x IO-’ 
Co”+ 1.2 x IO-’ I- 14.6 
Ni”+ I.1 X 10-Z so; I.1 X lo- 1 
Fe’ + 0.9 x lo-’ so; 1.76x IO-’ 
Pb”+ 1.2x lo-’ SCN- 41.4 
Zn’+ 1.4 x IO-’ CN- I.4 X 10-l 
Cr’ -+ 7.0 x 10-Z CH,COO- 2.4~10.’ 
Al’+ 0.6 x lo- 2 X0; 1.14 
Hg” 26.5 CIO, 87.2 x IO’ 

be explained by the increased inAuence of OH - 
and formation of the divalent Cr,O: anions. All 
subsequent measurements were performed in a 
phosphate buffer of pH 5. 

The influence of some 22 different cations and 
anions on the hydrogen chromate sensor was 
investigated. The selectivity coefficients were de- 
termined by the separate solution method [27,29], 
at pH 5, using 10 ’ M test solutions. Table 2 
reveals no interferences by the cations-Mn*‘, 
Mg2+, Cu’+, Ni*+, Fe2+, Pb2+, Zn’-, Cr7+, 
and Al’+ -and serious interference by Hg’+. 
Addition of EDTA significantly reduces the effect 
of almost all cations. The sensor displays a good 
selectivity for HCrO, over many anions. How- 
ever, anions which are more lipophilic than 
HCrO, interfere, as is expected for most ion-ex- 
change-type membranes. The interference effect of 
the ions is in good agreement with the Hofmeister 
pattern [30] of selectivity sequence: 

SCN- >I- >NO, >HCrO, >Br- > 
CH,COO- > Cl- > F = SO;- 

Direct determination of HCrO,~ - Crh+ in the 
presence of high concentrations ( > lo-fold excess) 
of ClO< ,SCN - and NO, anions gives unac- 
ceptable results. A successful approach for deter- 
mining HCrO; - Cr6* in mixtures containing 
these interfering anions was achieved by treating 

the sample test solutions with ascorbic acid to 
convert chromate -Cr6+ into Cr’+ cation, fol- 
lowed by passing the solutions through an anion 
exchange column (Cl - form) to retain all the 
interfering anions. Chromium(II1) cations in the 
effluent were then oxidized to chromate-W- 
and monitored with the hydrogen chromate sen- 
sor. Typical determination of 1.0 mg of Cr” + 
mixed with 1.0 mg each of ClO,, SCN ~, and 
NO, in a final volume of 100 ml following this 

procedure shows an average recovery of 98.1% 
Cr6+ and a mean standard deviation of 0.8”% 
(n = 5). 

3.2. Analytical qplicatinns 

Analytical usefulness of the Cr”+ sensor was 
examined for direct determination of various con- 
centrations of Cr’ + (0.5550 118 ml ~ ‘) using the 
standard addition (spiking) technique. Results of 
an average recovery of 99.5% and a mean stan- 
dard deviation of 0.6”/0 are obtained (n = 10). The 
sensor also proved useful for quantification of 
Crh+ after prior oxidation with MnO; followed 
by removal of the excess oxidant with sodium 
azide [31]. Table 3 presents results obtained for 
sequential determination of synthetic mixtures 
containing various proportions of Cr6+ and 
Cr’ *. Practically, Cr6 + is directly measured with 

Table 3 
Sequential potentiometrlc determination of Cr‘- :Crb+ in 
some synthetic binary mixtures using a nickel tris- 
(bathophenanthroline) hydrogen chromate PVC matrix mem- 
brane sensor 

Added (llg ml -‘) Recovery” (‘X) 
- 

Cr’ + CP’ Cr” 

8.0 98.4 * 0.5 
8.0 2.0 98.7 2 0.3 
8.0 4.0 97.9 2 0.3 
8.0 6.0 98.1 + 0.4 
8.0 8.0 97.8 + 0.5 
6.0 8.0 98.2 + 0.4 
4.0 8.0 97.6 * 0.4 
2.0 8.0 97.8 i 0.3 

8.0 

“ .4verage of three measurements. 

Crh + 

99.1 * 0.2 
98.7 * 0.4 
99.4 f 0.4 
98.9 * 0.3 
99.3 f 0.4 
98.5 + 0.5 
98.7 * 0.5 
99.8 & 0.3 
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-1 I- 
IO N CrzO, ,ml 

Fig. 2. Typical potentiometric titration curves for (A) 2.5. (B) 
5.0, and (C) 7.5 ml of 0.1 N iron(l1) with standard 0.1 N 
KZCr207 using a nickel tris( bathophenanthroline) hydrogen 
chromate PVC matrix membrane sensor. 

the sensor and, after oxidation of Cr’+. the total 
chromium is sequentially determined and Cr3+ is 
obtained by difference. Average recoveries of 
99.1% (standard deviation 0.4%) and 98.1% (stan- 
dard deviation 0.4%) are obtained for Crh+ and 
Cr’+ in their mixtures respectively. 

The chromium sensor was utilized as an indica- 
tor electrode in conjunction with a Ag:‘AgCl refer- 
ence electrode for titrimetric determination of 
high concentrations of Crh+ ( > 10 ’ M). The 
sensor was also used for following some redox 
and precipitation titrations. Fig. 2 shows typical 
potentiometric titration curves of Fe’+ with 
Cr,O; One ( * 0.01) mole of Cr,O: ~ is repro- 
ducibly consumed per 6 moles of Fe’+. The shape 
of the titration curves is typical to those obtained 
in some other redox titrations using ion selective 
electrodes [32]. The inflection break at the equiva- 
lence point is - 160 mV. Fig. 3 depicts a typical 
potentiometric precipitation titration curve of 

Tl + with CrOi- A sharp inflection break of 
2 60 mV is obtained at a 2:l thallium:chromate 
stoichiometric reaction, the relative standard devi- 
ation being 0.3”/0 (n = 10). Many other inorganic 
and organic species can be similarly determined 
by monitoring their reaction with Cr6+. 

The use of a Cr6 + sensor for the determination 
of chromium in some environmental samples was 
also examined. Hexavalent and trivalent 
chromium ions. in grab and composite wastewater 
samples collected from some industries (e.g. 
leather tanning, electroplating and aluminum 
painting), were determined. The chromium con- 
tents of some industrial materials (e.g. refractory 
bricks and alloys) were similarly assessed after 
appropriate dissolution of the test sample. The 
results (Tables 4 and 5) were compared with data 
obtained using the standard diphenylcarbazide 
spectrophotometric method [31]. A close agree- 
ment within O.l-0.7% is obtained, indicating the 

0 2 4 6 

10-l N CrO,f- ,ml 

Fig. 3. Typical potentiometric titration curves for (A) 1.5, (B) 
2.5. and (C) 3.5 ml of 0.1 N thallium(I) with standard 0.1 N 
KJrO, using a nickel tris(bathophenanthroline) hydrogen 
chromate PVC matrix membrane sensor. 
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Determination of chromium in some industrial wastewaters using spectrophotometry and potentiometry with a nickel tris- 

(bathophenanthroline) hydrogen chromate PVC matrix membrane sensor 

Wastewater source Cri+ found“ (mg I ’ ) Crh + found.’ (mg I ‘) 

Potentiometry Spectrophotometry Potentiometry Spectrophotometry 

Leather tanning 

Electroplating 

2.4 + 0.1 2.2 * 0. I 

1.6 z 0.1 I.5 i0.l 

96.0 + 0.2 92.5 i 0.3 

- 

Aluminum painting 5.3 * 0.2 

8.7 -c 0.2 

7.4 * 0.2 

d Average of three measurements. 

5.1 +0.2 

8.5 _t 0.2 

7.3 & 0.2 

efficiency. accuracy and applicability of the pro- 
posed potentiometric sensor for determining Crh + 
and Cr’+ in various matrices and in coloured and 
turbid solutions. The proposed potentiometric 
sensor also has some significant advantages 
over many of those previously described 
[15,16,18,19,21-231, as it offers a lower limit of 
detection (8 x lo- 6 M), covers a wider range of 
concentrations (2 x 10 ‘--8 x lo-” M). displays 
a faster response (20-30s) and exhibits reasonable 
selectivity in the presence of many common inter- 
fering ions. 

Table 5 

Determination of chromium in some refractory brtcks and 

alloys using spectrophotometry and potentiometry with a 

nickel tris(bathophenanthroline) hydrogen chromate PVC ma- 

trix membrane sensor 

Sample Chromium found” (‘!&/w) 

Potentiometry Spectrophotometry 

Refractory brick (1) I.1 +0.1 I.1 +0.1 

Refractory brick (2) 4.9 + 0.2 4.8 + 0.3 

Refractory brick (3) 2.7 +O.l 2.6 + 0. I 

Chromeesteel alloy 28.0 + 0.3 27.6 + 0.2 

ChromeeNi - steel 22.9 + 0.2 - 23.3 + 0.3 

alloy 

ChromeeMo-V 11.6+O.l 1 I .7 * 0.2 

alloy 

“ Average of three measurements. 

86. I + 0.3 88.1 +0.4 

124.5 * 0.4 125.0 * 0.3 

100.6 -t 0.5 101.2+0.5 

1 I .8 & 0.2 12.0 I 0.3 

15.2kO.l 15.0 & 0.2 

14.5 f 0.2 15.0 2 0.2 
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Book reviews 

Kirk-Othmer Encyclopedia of Chemical Technol- 
ogy, 4th edn., edited by J.I. Kroschwitz and M. 
Howe-Grant (Vol. 13, Helium Group to Hyp- 
notics), Wiley, New York, 1995, xxviii + 1100 pp.. 
&195.00. ISBN O-471-52682-7. 

Volume 13 of this encyclopedia continues and 
concludes with topics beginning with the letter 
‘H’. Twenty-nine entries are covered and in-depth 
treatments ranges from 155 pages devoted to Hor- 
mones to 10 pages devoted to Hydrogen-Ion Ac- 
tivity. 

The first topic covers the Helium Group (he- 
lium, neon, argon, krypton, xenon and radon) 
and includes details of physical properties, quan- 
tum-mechanical effects, production, economic as- 
pects and uses of the gases. A small separate entry 
covers compounds from this group-especially 
xenon compounds. The other element included in 
this volume is Hydrogen and although emphasis is 
placed on technological details I was surprised to 
see no mention of hydrogen bonding. Hydrogen 
Chloride, Hydrogen Peroxide and Hydrogen En- 
ergy are also dealt with as separate entries. The 
element holmium is included with the Lan- 
thanides in another volume. 

The section on Hormones is extensive and has 
sub-entries entitled: Survey, Anterior pituitary 
hormones, Anterior pituitary-like hormones, Pos- 
terior pituitary hormones, Human growth hor- 
mone, Brain oligopeptides, Sex hormones and 
Estrogens and antiestrogens. Two other bio-re- 
lated topics in this volume include: Histamine and 
Histamine Antagonists plus Hypnotics, Sedatives, 
Anticonvulsants and Anxiolytics. 

Obvious technological entries include: High 
Performance Fibers, High Pressure Technology, 

High Temperature Alloys, Hollow-Fiber Mem- 
branes, Holography, Hydraulic Fluids and Hy- 
drothermal Processing. The latter section contains 
rare editorial omissions as there are no numbers 
associated with references to Tables and Figures. 

Other entries include, Hemicellulose, Herbi- 
cides, Hydantoin, Hydrazine, Hydrides, Hydrobo- 
ration, Hydrocarbons and some Hydroxy 
compounds. 

As with all the other volumes in the fourth 
edition of this encyclopedia the range of topics 
covered and the depth of treatment given make 
this an essential work for inclusion in all good 
science libraries. 

P.J. Cox 

A Practical Approach to Chiral Separations by 
Liquid Chromatography, edited by G. Subraman- 
mian, VCH, Weinheim, 1994, xvi f405 pp., 
g72.00. ISBN 3-527-28288-2. 

Methodologies for chiral separation continue to 
offer considerable challenges in the fields of chro- 
matography and capillary electrophoresis. In the 
course of twelve chapters, this book with contri- 
butions from internationally recognised experts 
seeks to provide a broad framework spanning an 
introduction to the topic, through legislatory out- 
lines and their implications to the “nuts and 
bolts” of the practical chromatographic applica- 
tion and its industrial uses. Separate chapters 
cover the use of the main recognised chemical 
classes of selective chiral stationary phases, with- 
out inclusion of an excessive amount of theory, 
yet providing sufficient theoretical background for 
a proper appreciation of the methodologies. 

0039-914Oi96/$15.00 % 1996 Elsevier Science B.V. All rights reserved 

SSDI 0039.9140(95)01812-2 
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In some contrast the inclusion of a chapter on 
theoretical modelling techniques as an aid to un- 
derstanding separation mechanisms, although an 
esoteric approach to many practical chromatogra- 
phers, is a welcome deviation from the norm. 

The book succeeds as a broadly aimed text 
which will provide a primer for the novice as well 
as a more in-depth discussion for the more experi- 
enced chromatographer seeking to extend his un- 
derstanding of chiral methodologies. Regrettably 
the pace of rapid development in the field and the 
time taken in coming to publication is reflected in 
the useful, but dated references to each chapter 
(no references post 1991). In spite of this draw- 
back, the book is to be recommended as an 
addition to the library of any aspiring analytical 
scientist. 

D.G. Durham 

Practical Guide to Infrared Microspectvoscopy, ed- 
ited by H.J. Humecki, Dekker, New York, 1995. 
x + 472 pp., US$150.00. ISBN O-8247-9449-4 

The strength of this book, as with others in the 
series, is its scope. There are chapters on forensic 
science (paint and fibres), pharmaceuticals, art, 
earth sciences and electronics; there are practical 
guides to sample handling and there are chapters 
on the application of theory to achieve optimisa- 
tion. Each has been contributed by an experienced 
practitioner in the field and the extensive refer- 
ences at the end of each chapter would, alone, 
make it a useful source book. 

However, it is badly and irritatingly flawed by 
the presence of typographical and grammatical 
errors. For example, spectra should be the plural 
of spectrum but it is not always so here. Also, 
there are three different definitions of the equation 
for the least resolvable separation (LRS) in three 
separate chapters and the book is also let down 
by an inadequate index. 

Although the need to use other techniques is 
stressed throughout, the fact that infrared mi- 
crospectroscopy is always operator intensive. and 
therefore relatively expensive, is not considered. 

Nevertheless this book is a practical and stimu- 
lating guide to the technique. The fact that this is 
so, despite its flaws, is a measure of its usefulness 
to the practising infrared microscopist. 

M. Underhill 

Pharmacoepidemiology, by B.L. Strom, Wiley, 
Chichester. 1994. xviii + 741 pp., &7.5.00. ISBN 
o-471 -94058-5. 

This substantial revision of the first edition (17 
of the 41 chapters are totally new) reflects the 
rapid progress and growth in the field of pharma- 
coepidemiology. Although predominantly Ameri- 
can, the book derives an international dimension 
from its 59 authors, with 38 from the United 
States, nine from Canada, five from the United 
Kingdom, three from Sweden, two from Australia 
and one each from the Netherlands and France. 

The book is divided into five parts. In the 
introduction (Part I) the editor defines the subject 
and describes the historical background, purpose 
and potential. Epidemiologic study designs, in- 
cluding sample size considerations, are clearly and 
concisely presented. Reasons for performing phar- 
macoepidemiology studies and a consideration of 
risk tolerance complete a helpful introduction on 
the basic principles of the subject. 

In providing various perspectives on pharma- 
coepidemiology, Part II indicates some of the 
organisations and professions for whom this book 
will be relevant. Views are expressed from a uni- 
versity department of epidemiology and preven- 
tive medicine, the pharmaceutical industry, a 
regulatory agency and the US courtroom. 

The meat of the book lies within Parts III and 
IV which deal respectively with the systems avail- 
able and with selected special applications and 
methodologic issues. The advantages and limita- 
tions of spontaneous reporting systems in the 
United States, Sweden, France and the UK are 
presented, as are those for intensive hospital- 
based cohort studies, such as the Boston Collabo- 
rative Drug Surveillance Program. These systems 
have influenced the US Joint Commission on 
Accreditation of Health Care Organisations to 
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require all hospitals to develop the capability to to the need for more trained personnel and more 
document and evaluate adverse drug reactions research. The appendices provide sample size ta- 
that occur in their patients. bles and a glossary. 

Specific chapters are then devoted to particular 
systems utilising data from health maintenance 
organisations and other sources in North America 
(e.g., Puget Sound, Kaiser Permanente, Harvard, 
Medicaid and Saskatchewan). The record linkage 
approach to pharmacoepidemiology is illustrated 
by separate chapters on the Netherlands (where 
the experience of NARD and the WHO Drug 
Utilisation Research Group and the organisation 
of community pharmacies combine forces to 
provide unique pharmacoepidemiological oppor- 
tunities) and the Tayside Medicines Monitoring 
Unit (MEMO) in Scotland. A number of Ameri- 
can inpatient databases are examined, some of 
which are already capable of linkage to outpatient 
databases. Further chapters on the Clincial Phar- 
macy Surveillance Network (Buffalo), case-con- 
trol surveillance and other approaches are 
rounded off with valuable advice on how to 
choose among the available alternatives. 

This comprehensive book succeeds admirably 
in its goal of serving both as an introduction to 
pharmacoepidemiology and as an excellent refer- 
ence source for those with some background in 
the subject. 

J.A. Cromarty 

Quality Assurance in Analytical Chemistry, by W. 
Funk, V. Dammann and G. Donnevert, VCH, 
Weinheim, 1995, xxii + 239 pp., DM 125.00. 
ISBN 3-527-28668-3. 

This volume should be a timely addition to the 
libraries of the many analytical laboratories in the 
UK currently progressing towards IS0 9000 and 
other accreditation standards. It should also be 
welcomed by analysts tasked with maintaining 
and improving established quality systems. 

Part IV will be of greatest interest to those 
readers with some background and experience in 
pharmacoepidemiology or those with specialised 
interests within the field. Less common applica- 
tions of pharmacoepidemiology which are covered 
include premarketing studies and studies on 
beneficial drug effects. A review of the current 
status of descriptive epidemiologic approaches to 
the study of the processes of drug utilisation is 
usefully complemented by a chapter on evaluating 
and improving physicial prescribing. Important 
methodological issues, for example. determining 
causation from case reports, bias and confound- 
ing, validity of data and novel approaches to 
study design and statistical analysis are essential 
reading. Chapters on therapeutic drug monitor- 
ing, pharmacoeconomics, quality of life measure- 
ments, N-of-l randomised clinical trials and 
meta-analysis examine the potential contribution 
and some of the current limitations of these 
methodologies in pharmacoepidemiological re- 
search. 

Part V looks to the future, outlining the ever 
increasing importance attached to the subject 
from a number of perspectives, all of which point 

The book presents a four phase model of ana- 
lytical quality assurance, but before doing so ded- 
icates sixteen pages to symbols and definitions 
relating to the subject. With so many symbols, 
terms and acronyms relating to quality assurance 
appearing in modern scientific literature, it is re- 
freshing to find a large number so clearly ex- 
plained and accessible in one volume. The four 
phases are each very thoroughly dealt with by a 
separate chapter. Phase I is concerned with estab- 
lishing a new analytical procedure and deals with, 
amongst many others, such matters as calibration, 
precision, accuracy and testing for linearity. This 
chapter contains some information (e.g.. the con- 
ditions and limitations of the use of internal stan- 
dards) which should be common knowledge to 
most analytical chemists. However, the mathe- 
matics involved are, at times. daunting and some 
understanding of statistics is essential. The first 
phase is concluded by an excellent summary of 
the information which should be included in the 
documentation of a fundamental analytical pro- 
cess. Phase II is concerned with preparative qual- 
ity assurance, intended to be performed before the 
first routine use of a process, and to be primarily 
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icates sixteen pages to symbols and definitions 
relating to the subject. With so many symbols, 
terms and acronyms relating to quality assurance 
appearing in modern scientific literature, it is re- 
freshing to find a large number so clearly ex- 
plained and accessible in one volume. The four 
phases are each very thoroughly dealt with by a 
separate chapter. Phase I is concerned with estab- 
lishing a new analytical procedure and deals with, 
amongst many others, such matters as calibration, 
precision, accuracy and testing for linearity. This 
chapter contains some information (e.g.. the con- 
ditions and limitations of the use of internal stan- 
dards) which should be common knowledge to 
most analytical chemists. However, the mathe- 
matics involved are, at times. daunting and some 
understanding of statistics is essential. The first 
phase is concluded by an excellent summary of 
the information which should be included in the 
documentation of a fundamental analytical pro- 
cess. Phase II is concerned with preparative qual- 
ity assurance, intended to be performed before the 
first routine use of a process, and to be primarily 



of concern to personnel who will be carrying out 
the routine analyses. Here the more practical re- 
quirements of an analytical process are consid- 
ered, starting with the determination of the 
quality required and ending with the preparation 
of quality control charts for the routine use to 
follow. Topics covered in this chapter include 
specificity, costs and external quality requirements 
(e.g., law, international agreements, etc.) but the 
greater part is devoted to the subject of control 
samples and the principles of quality control 
charting. Shewhart charts, R-charts and cusum 
charts are all dealt with in depth. Phases III and 
IV are concerned respectively with routine quality 
assurance and external analytical quality assur- 
ance and will be of particular interest to those 
establishing quality systems in accordance with an 
accreditation standard, whether with new or es- 
tablished methodology. Phase II deals with issues 
ranging from laboratory environment and man- 
agement, outfitting equipment, materials and per- 
sonnel, to the reporting of analytical results, 
problem solving and, in some depth, corrective 
measures and systematic trouble shooting. Phase 
IV deals with audits and interlaboratory tests and 
concludes with recommendations for the organi- 
sation of external quality assurance. A total of 
154 references are given and appendices of sample 
calculations and statistical tablets are also in- 
eluded . 

This work was first produced in Germany in 
1992 and, according to the preface “...was 
quickly accepted by analysts as a textbook on 
analytical quality assurance and analytical quality 
control.” The English edition is a revised and 
updated version of the original. There is little 
doubt that this very competent translation will be 
as well received in the UK as the original was in 
Germany. 

S.R. Reddick 

Neutron Spectroscopy, by Yu. A. Izyumov and 
N.A. Chernoplekov, Plenum, New York, 1994. 
xiv + 373 pp. US$89.50. ISBN 0-306-l 1033-4. 

Covering the more theoretical and physical as- 
pects of the subject, Neutron Spectroscopy is 
aimed primarily at the solid state physicist rather 
than the chemical community. This means the 
title should be read in its narrower sense, covering 
the very traditional areas of neutron scattering 
established in the infancy of the subject and pur- 
sued with vigour ever since. Concentrating as it 
does on magnetic and fundamental excitations, 
the chemical relevance of much of the material is 
limited. 

That nonwithstanding, the text is a clear and 
comprehensive account of the fundamental as- 
pects of neutron spectroscopy and while the appli- 
cations covered are restricted to physical rather 
than chemical systems, the principles thus estab- 
lished are of more general applicability. 

The book opens with a detailed account of 
basic neutron scattering theory applied in this 
area, augmented by valuable and comprehensively 
worked examples putting the theory into practice. 
The theory is accounted clearly and covers the 
main aspects of the microscopic mechanisms of 
the dynamics of materials and how neutrons can 
be used to elucidate these. 

Subsequent chapters cover, again from a mostly 
theoretical standpoint, magnetic excitations and 
phase transitions, structural phase transitions, 
along with phonons and critical scattering. These 
are illustrated by brief reviews of some of the 
pertinent experimental data. Most of this again 
reflects the fact that these were the main subjects 
in the earliest days of neutron spectroscopy, with 
many of the classic early works referred to. A 
brief account of experimental techniques is given, 
and the work concludes with the most chemically 
relevant section, on metal hydrides. 

In conclusion, a solid theoretical and physical 
text, with its strengths lying firmly in these areas. 
The weakness for this reader was the lack of 
experimental detail, especially the lack of account 
of the recent dramatic advances in neutron instru- 
mentation and techniques. There are also better 
texts covering the wide use of neutrons in a range 
of chemically more relevant materials whatever 
the technical merits of this particular work. 

C.C. Wilson 
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Abstract 

Addition of diethylenetriaminepentaacetic acid (DTPA) to the fluorescent binary complex of thorium and 
8-hydroxyquinoline-5-sulfonic acid (HQS) forms the ThLDTPA-HQS fluorescent ternary complex. The formation of 
this ternary complex enhances the selectivity for the determination of thorium. Excesses of DTPA and HQS are used 
as reagents in flow-injection analysis to detect thorium. The excess DTPA effectively masks potentially interfering ions 
by preventing the formation of fluorescent binary metalLHQS complexes, The presence of lanthanides and transition 
metals does not interfere with the thorium detection with this method (the ratio of molar intensity for metals to molar 
intensity for thorium is < 0.3% with the exception of lutetium. for which molar intensity ratio is 1.34%). The 
detection limit for thorium is 12 ng ml ~ ‘. 

Keywords: Selectivity enhancements; Thorium determination; Flow-injection analysis; ThLDTPA-HQS fluorescent 
ternary complex formation 

1. Introduction 

Determination of trace concentrations of tho- 
rium is important in nuclear technology and en- 
vironmental chemistry. Several analytical tech- 
niques have been employed for the detection of 
thorium. Radiochemical neutron activation anal- 

* Corresponding author. Fax: + 403 289 9488: e-mail: 
lucy@acs.ucdlgary.ca 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA ‘95), held in Seattle, WA. 
USA. August 13-17, 1995. 

ysis [l-3], inductively coupled plasma [4], mass 
spectrometry [5], and inductively-coupled plasma 
mass spectrometry (ICP-MS) [6] are very sensi- 
tive methods for the determination of Th4+. 
However, they require expensive and specialized 
instrumentation. Electroanalytical techniques [7- 
10] have been employed to determine thorium, 
but they lack satisfactory selectivity as the pres- 
ence of lanthanides and transition metals inter- 
feres with the determination of thorium. 
UV-visible spectrophotometry has been widely 
used for the determination of thorium. 

0039-9140196/$15.00 G 1996 Published by Elsevier Science d.V. All rights reserved 
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The chromogenic ligands of Arsenazo III [ 11~ 171. 
Semimethylthymol Blue [l 81, m-carboxychloro- 
phosphonazo [ 193, 1-(2-pyridylazo)-2-naphthol 
(PAN) [14], and DBF-Arsenazo [20] complex 
with Th4+ to form UV-visible absorbing com- 
plexes. The sensitivity of chromogenic ligands is 
typically 20-50 ng ml ’ [lll13] and with the 
exception of DBF-Arsenazo for which the 
claimed detection limit is 2 ng ml ’ [20], the 
sensitivity of the chromogenic ligand methods for 
Th4+ is not better than the other techniques 
mentioned. Furthermore, lanthanides and ura- 
nium also form complexes with these chro- 
mogenic ligands, and interfere with the detection 
of thorium. Therefore a chromatographic separa- 
tion or sample pretreatment is generally required 
when thorium is determined in the presence of 
other metal ions [l 1,12,20]. 

Fluorescence can also be used to determine 
thorium. The reagent 8-hydroxyquinoline-5-sul- 
fonic acid (HQS) forms a fluorescent binary com- 
plex with Th4 + [12]. “Binary” complex refers to 
the complexation of a metal by a single type of 
ligand. The complexation equilibrium can be ex- 
pressed as 

Th4 + +nHQS’~ = Th(HQS),,‘4-‘“’ (1) 

However, other metals, such as Mg”, Ca’+, 
Cd’ + , Zn2 + , La3 + and Lu’ + , also form strongly 
fluorescent complexes with HQS [21]. Thus, like 
the UVvisible spectrophotometric methods dis- 
cussed above, these metals interfere with the de- 
termination of thorium. 

Addition of the strong chelating agent di- 
ethylenetriaminepentaacetic acid (DTPA) to the 
ThhHQS binary complex system can prevent the 
other metals from forming interfering fluorescent 
complexes. The manner in which DTPA does this 
is explained as follows. DTPA forms very strong 
binary complexes with metals. 

M” - + DTPA’ ~ = M( DTPA)‘” 5, (2) 

Thus in a solution containing excess DTPA and 
HQS, metals will be present as DTPA complexes. 
Thorium is a multi-coordination site center metal 
ion. In certain media, the thorium is potentially of 
IO-coordination [22]. DTPA is an octadentate 
chelating ligand. After complexing with DTPA, 

thorium still has two coordination sites available. 
These two “unsaturated” coordination sites fur- 
ther complex with the second ligand, HQS in this 
case. 

Th(DTPA) ~ + HQS’~ + [Th(DTPA)HQS13 - (3) 

This complex, which consists of one central ion 
and two types of chelating ligand is called a 
“ternary complex”. The ternary complex of Th- 
DTPA-HQS can be classified as a “coordination- 
unsaturated” or “inner sphere” ternary complex. 
The formation of “coordination-unsaturated” [23] 
or “inner sphere” [24] ternary complexes provides 
great selectivity. The formation of the ternary 
complex depends on the coordination number of 
the metal, the dentation of the first type of ligand 
and the dentation of the second type of ligand. In 
fluorescence analysis, there is the additional crite- 
rion that the metal must form a fluorescent com- 
plex. In the case of the DTPAIHQS reagent, only 
thorium fulfills all of these criteria. DTPA effec- 
tively masks other metal ions, preventing the for- 
mation of fluorescent binary metallHQS 
complexes. 

Flow-injection analysis (FIA) is a simple and 
efhcient instrumental technique. In FIA the ana- 
lyte merges with one or more reagents to yield a 
product which is monitored by a detector. In this 
work. the fluorescent ternary complex of Th- 
HQS-DTPA is proposed to be an indicator for 
sensitive and selective determination of thorium. 
A simple FIA system using a DTPA and HQS 
mixture as reagent will be demonstrated. The 
optimum conditions for the system and the appli- 
cation to detection of thorium will be discussed. 

2. Experimental 

2.1. Appuratus 

Fig. 1 shows a schematic of the FIA manifold 
used in this work. The FIA system consisted of a 
solvent delivery pump (Pump 1 in Fig. 1) (Model 
625, Waters Associates, Milford, MA), a sampling 
valve (Model 9125, Rheodyne, Berkeley, CA) fit 
with a 50 ~1 loop and a fluorimetric detector 
(Model 470, Waters; i,, = 360 nm; A,,, = 500 nm). 



The output signal from the fluorimetric detector 
was digitized at 2 Hz with a CHROM-1 AT (Kei- 
thley MetraByte) data acquisition board enhanced 
for faster data acquisition, and analyzed using 
LabCalc (Galactic) on a 486-based microcom- 
puter. The pump and injector were fit with PEEK 
tubing. A 15 cm column packed with 5 /lrn C,, 
particles was positioned between the pump and 
injector to provide sufficient back pressure for 
optimal pumping. The reagent was delivered by 
constant pressure pumping (Pump 2 in Fig. 1) 
through application of nitrogen pressure (40 psi) 
to a cylinder containing the reagent [25.26]. Low 
pressure tubing and fittings (Alltech Associate. 
Deerfield. IL) connected the reagent delivery sys- 
tem to the effluent stream. The carrier stream from 
the delivery pump (1 .O ml min ‘) merged with the 
reagent (0.3 ml min ‘) at the mixing tee (3 16 
stainless steel, 90” ports). flowed through the reac- 
tion coil, 510 cm of tightly spiraled 0.50 mm i.d. 
knitted Teflon tubing (RXN 1000 Coil, Waters; 
1000 ~1 volume), and then directly to the detector. 

All reagent solutions were prepared by dissolv- 
ing analytical or ACS grade reagents in distilled 
deionized water (Nanopure Water System, Barn- 
sted). No special treatment was required through- 
out the solution preparation. The reagents HQS 
(Janssen Chimica) and DTPA (Janssen Chimica) 
were dissolved in deionized water to prepare the 
stock solutions. The 1 M stock buffer solution 
was prepared by dissolving 2-amino-2-methyl-l- 
propanol (AMP) (J.T. Baker Inc.) in deionized 
water and adjusting the pH to 11.0 by adding 
nitric acid. 

Fig. 1. Schematic diagram for the FIA manifold used for 

Th” determination. See text for details. 

The 1 mM stock Th’+ solution was prepared 
by diluting 1000 /lg ml ’ thorium ICP standard 
solution in 5% HNO, (Johnson Matthey, Ward 
Hill. MA). (Caution: thorium nitrate is corrosive, 
irritates skin and eyes, and is radioactive. Care 
required when handling.) The other stock metal 
solutions were prepared using analytical grade 
salts. Lower concentrations were achieved by dilu- 
tion in volumetric Nalgene-ware. All solutions 
were stored in Nalgene plastic bottles. 

In studies of sensitivity and interference, various 
concentrations of Th4 + and different metal ions 
were injected into the sampling valve and delivered 
by deionized water carrier stream (1 ml min ~ ‘), 
merged with the reagent (1 mM HQS. 5 mM 
DTPA, and 100 mM AMP, pH = 11.02) allowed 
to react in the reaction coil and then passed 
through the detector. The fluorescent intensity was 
measured by the area of the peak. 

For the rest of the experiments (e.g. pH effect 
and effect of HQS concentration, etc.), the specific 
solution. which contained certain concentrations 
of reagents and was adjusted to a certain pH 
value, was prepared in a volumetric flask. The 
solutions were then allowed to sit for a time period 
sufficient to ensure that the reaction goes to com- 
pletion. This solution, which was the product of 
reagents. was injected into the sampling valve and 
carried to the detector by the deionized water 
stream. The effluent was detected by the fluores- 
cent the detector and resultant peak areas were 
used for quantification. 

3. Results and discussion 

3.1. Optimizing conditions ,for ,fhiorescent trrnur~ 
c~wqde.~ of’ T/I DTPA ~ HQS 

Fig. 2 shows the effect of pH on both thorium 
(binary ThhHQS complex) and thorium-DTPA 
(ternary Th- HQS- DTPA complex) fluorescent 
response. The optimal pH for the Th-HQS com- 
plex is at pH 4 (Fig. 2 (curve a)) while the optimal 



Fig. 7. pH effect for Th HQS binary complex and Th 
DTPA-HQS ternary complex. (a) Th-HQS binary complex. 
(b) Th-DTPA-HQS ternary complex. Experimental condi- 
tions: (a) I x IO- ’ M Th”. 1 x IO -’ M HQS adjusted to 
various pH values: (b) I x IO ’ M Th4+. I x IO-” M HQS 
and DTPA at direrent pH values. 

pH for the ThhDTPA-HQS ternary complex is 
around pH 11 (Fig. 2 (curve b)). Addition of 
DTPA shifts the optimal pH value to high pH by 
preventing formation of thorium hydroxides. The 
fluorescent intensity of the ternary complex is 
slightly higher (12%) than that of the binary com- 
plex when both optimal values are compared. 

From Fig. 2. it could be concluded that the 
ternary complex of thorium does not significantly 
enhance the sensitivity for determination of Th4 + 
However, when HQS is used as a reactant in a 
FIA system, some metal ions (e.g. Mg’+, Ca’+, 
Cd’+, etc.) present as the matrix of the sample in 
the system form strongly fluorescent complexes 
with HQS [21]. These fluorescent complexes inter- 
fere with the determination of thorium. The addi- 
tion of DTPA to the reagent results in the 
formation of DTPA complexes with these matrix 
metals, leaving the HQS isolated from these 
metals whereas Th -DTPA further complexes with 
HQS and forms the fluorescent ternary complex. 

Based on the results shown in Fig. 2, the 
reagents are buffered to pH 11 in the rest of the 
experiments. 

3.1.2. Concentrution of DTPA 
To study the effect of the concentration of 

DTPA on the fluorescent response, Th4+ and 
HQS concentrations were fixed at 1 x 10 5 M 

and 1 x 10 4 M respectively. and the concentra- 
tion of DTPA was varied from 5 x 10 ~ ’ M to 
1 x 10 ’ M. All the solutions were buffered at pH 
11.0 using 10 mM AMP. 

Fig. 3 shows that the fluorescent intensity re- 
mains constant after the concentration of DTPA 
reaches 1 x 10 -j M, which is the same concentra- 
tion as that of Th4+. DTPA is an octadentate 
ligand while Th4+ is a lo-coordination ion. The 
Th-DTPA complex should be present at 1: 1 ra- 
tio. The results in Fig. 3 confirm that the ratio of 
Th”+: DTPA is 1:l in the Th-DTPA-HQS 
ternary complex. In Fig. 3, the intensity is almost 
constant (actually, it increases slightly) with in- 
creasing concentration of DTPA even up to a 
thousand-fold excess of DTPA. Thus addition of 
excess DTPA does not suppress the signal for the 
ternary complex. This is significant as the excess 
DTPA suppresses the background fluorescence 
from metal impurities in the reagent and samples. 
In a later section, we will discuss the role of excess 
DTPA in the selectivity of Th4+ determination. 

3.1.3. Concentrcttion oj’ HQS 
To determine the optima1 concentration of 

HQS, Th4+ and DTPA concentrations were fixed 
at 1 x 10m5 M and 2x 10 ’ M respectively and 
the concentration of HQS was varied from 5 x 
10~ 6 M to 5 x 10 m4 M. All solutions were 
buffered at pH 11.0 with 10 mM AMP. The 

0 ,-- 
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Fig. 3. Concentration etfect of DTPA. Experimental condi- 
tions: I x IO ’ M Th4+, I x IO-” M HQS, IO mM AMP 
(pH 11.0) at DTPA concentrations from 5 x 10W6 M to 
I x IO ‘M. 
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Fig. 4. Concentration effect of HQS: (t ) experimental data; 
(-) theoretical regression curve. Experimental conditions: 
1 x IO s M Th’+, 2 x IO-‘ M DTPA. 10 mM AMP (pH 
11.0) at different concentrations of HQS from 5 x 10 ’ M to 
5 x lo-” M. 

results are shown in Fig. 4. DTPA forms a much 
more stable complex with Th” than HQS does 
[27,28]. Thus DTPA will preferentially complex 
Th”+. leaving only two coordination sites free for 
HQS complexation. In the presence of excess 
DTPA, the equilibrium governing the fluorescent 
intensity is expressed by Eq. (3). The stability 
constant for the formation of the ternary complex 
is 

[Th(DTPA)(HQS)3 ] 

Ks = [Th( DTPA )]anys~ [HQS] (4) 

The fluorescent intensity is proportional to the 
concentration of ThhDTPA-HQS complex. At 
pH 11, zHQSZm is 0.9974 based on literature stabil- 
ity constants [27]. A nonlinear fit (Slide Write 
plus, Advanced Graphics Software, Inc.) of the 
data in Fig. 4 yields a formation constant of 
5.7 & 0.6 x lo3 (I’ = 0.9995). In Fig. 4, the solid 
line is a theoretical regression based on Eqs. (3) 
and (4). As the formation constant of the ternary 
complex is not large, the reagent HQS should be 
kept in large excess to insure optimal fluorescent 
intensity for the ternary complex. 

To summarize the optimal conditions. the 
reagent should be adjusted to pH 11 and the 
concentrations of DTPA and HQS should be kept 
in large excess relative to the concentrations of the 
Th4 + sample. Thus, 1 mM of HQS and 5 mM of 

DTPA in 100 mM AMP (pH 11.0) was employed 
as the reagent for the determination of thorium. 

3.2. Applicution of thorium jluorescent ternary 
COt~lpltX 

3.2.1. Detection of T/l’+ 
The reagent mixture of DTPA and HQS merged 

with the distilled deionized water carrier stream 
into which Th4+ was injected. The complexation 
took place in the 1000 ,~l reaction coil and the 
ternary complex product flowed through the sam- 
ple cell of the fluorescent detector. Concentrations 
of Th’+ (0-l x 10 ’ M) were injected into the 
sampling valve with a 50 ~1 sample loop. Distilled 
deionized water was tested as a blank sample. The 
response peak for blank sample had a peak area 
equivalent to the response peak area for 5 x 10 - ’ 
M Th4- since the change in back pressure varied 
the flow rate of reagent at the moment of injection. 
Peak areas are used when the calibration curve is 
calculated. Linear response was observed for injec- 
tion of 5 x lo-’ M (2.5 pmole)-1 x lop5 M (500 
pmole) Th’+ (slope: 1.911 kO.065 x 106; intercept: 
0.00483 kO.251; r2=0.9910). The estimated detec- 
tion limit is 12 ng ml ~ ‘. 

3.2.2. It~trrjkwm of’ other mrtd ions 
Some alkaline earth ions, transition metal ions 

and lanthanide ions can form fluorescent binary 
complexes with HQS [21]. Like the Lu-Hexaden- 
tate-HQS ligands for selective detection of Lu’+ 
[29]. ThhDTPA-HQS has high selectivity for de- 
termination of Th4 + The stronger chelating lig- 
and DTPA competes with HQS and strips those 
metal ions from HQS to form more stable metal- 
DTPA complexes. These metal ions are fully com- 
plexed by the octadentate DTPA, and so no 
further complexation by HQS can occur. Thus 
DTPA masks the fluorescent response from these 
metal-HQS complexes. 

To test the selectivity of the Th”- reagent, 
1 x lop4 M concentrations of a number of metal 
ions were injected into the FIA manifold. The 
intensities were recorded and the interfering in- 
dexes were calculated based on the ratio of molar 
intensity of the metal vs. the molar intensity ob- 
served for Th4 -. 



Table 1 
Interfering indexes of metal ions with DTPA-HQS reagent“ 

Metal ion Interfering Metal ion Interfering 
index” (‘%I) index” (‘%) 

Mg’+ 
CaZ+ 

Sr’+ 
Ba’ + 

Mn” 
Co” 
Ni’+ 

CL?+ 
Cd’+ 

0.069 Zn’+ 0.0013 
0.016 Pb’+ 0.014 
0.022 Fe’+ -0.0001 
0.045 La’+ 0.162 
0.034 Er’+ 0.0043 

- 0.00003 Cd’+ 0.086 
0.016 LU?+ 1.34 
0.049 LJ0;+ -0.23 

- 0.0006 Th“+ 100 

* Experimental conditions: I x IO-” M of each metal was 
injected using a 50 ,uI sampling valve, reagent was I mM HQS. 
5 mM DTPA, 100 mM AMP (pH I I .02). 
h As defined by Eq. (5). 

Interfering index 

Molar intensity of metal ion 
= Molar intensity of Th4+ 

x lOO(%) (5) 

Table 1 presents the metals tested along with the 
observed interfering indexes. 

From the experimental results, the DTPA- 
HQS reagent system has high selectivity for Th4 + 
Of the metals tested only Lu3+ (interfering index 
1.34%) interferes significantly with Th4 + detec- 
tion. All other metals display interfering indexes 
of < 0.3%. Therefore, the DTPA-HQS reagent is 
a potent FIA reagent system for the detection of 
Th4+ in complex matrices. 

4. Conclusion 

The DTPA-HQS reagent system can be used 
to sensitively and selectively determine Th4+ ion 
using FIA through the formation of the Th- 
DTPA-HQS ternary complex. The dynamic 
range for determination of Th4 + is from 5 x 10 ~ 8 
M (2.5 pmole) to 1 x lop5 M (500 pmole) Th4+. 
The presence of transition metals and lanthanides 
does not interfere in the determination of Th4 + . 
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Abstract 

Chromatomembrane cells proved to be applicable to flow-injection analysis whenever computer-operated manifolds 
for liquid-liquid or liquid-gas extraction procedures were required. Proceeding in accordance with the Methylene 
Blue method the determination of anionic surfactants was studied by applying the chromatomembrane cell for 
preconcentration and extraction of the ion-pair complex being formed. Spectrophotometric detection at 650 nm was 
made possible by using a flowthrough cell within a range of 0.02L5.0 mg dodecylsulfate per liter of water. The 
absorbance was found to respond proportionally to the product of preconcentration time and surfactant concentra- 
tion, its slope factor being calculated with + 3% standard deviation. A mechanism for the preconcentration cycle 
inside the cell is suggested. 

K~Jv~YH&: Anionic surfactants: Chromatomembrane cell: Flow-injection analyzer: Photometric determination 

1. Introduction 

* Corresponding author. Fax: (+49) 30-838-2424: e-mail: 
behrens@chemie.fu-berlin.de 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA ‘95). held in Seattle, WA, 
USA, August 13m 17, 1995. 

The determination of anionic surfactants in 
wastewater by measurement of the Methylene 
Blue index (MBAS) according to IS0 7875-1 is a 
common practice. The method includes ion-pair 
extraction which unfortunately creates difficulties 
whenever automation is required [l-3]. The batch 
process [4] has the disadvantage of low distribu- 

0039.9140/96r$l5.00 C 1996 Elsevier Science B.V. All rights reserved 
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tion coefficients which restrict the detection limit 
to 0.05 mg ll’ under optimal conditions. Del 
Valle et al. [5] reported that the sensitivity can be 
improved to meet the requirements of environ- 
mental monitoring by using time-based continous 
sampling followed by flow-injection spectrophoto- 
metric determination. 

Until now the performance of flow-injection 
(FI) liquid-liquid extraction systems has been 
limited by inadequate approaches to the problem 
of phase separation [6] at the end of the proce- 
dure. Eventually, Liu and Dasgupta [7] decided in 
favour of a technique which made phase separa- 
tion unecessary. The amount of analyte extracted 
into the organic phase is calculated from its ab- 
sorbance and the length of the organic segments 
passing a UV/Vis detector at the outflow of the 
extraction coil. The system is based on dual-wave- 
length spectrophotometric measurements and 
works with automated data processing. 

An alternative approach to extraction proce- 
dures arises from the applicaton of chro- 
matomembrane cells in FI systems. The novel 
extraction module consists of a rectangular block 
of biporous PTFE. Polar liquids fill the macropo- 
res whereas the micropores remain available only 
for non-polar liquids or gases. The capillary pres- 

SamDIe 

CHC13 

--CM Y- 
T1 1 

Fig. I. Schematic Row diagram for the determination of dode- 
cylsulfate. Broken line: automated extraction module (Fig. 2). 

sure of polar liquids prevents their penetration 
into the macropores. We recently reported [8,9] 
on the special construction of a chromatomem- 
brane cell which allows the two phases to flow 
independently through the unit and come into 
contact over an interfacial area of about 0.7 m2 
cm 3 biporous PTFE. Taking into account the 
very small volumes of the contacting phases it is 
easy to understand that the analyte transfer 
through the expanded boundary cannot be re- 
stricted kinetically. The pressures under which 
both phases are supplied into the cell have to 
comply with the physico-chemical requirements 
[9] and should be controlled to ensure stable 
operating conditions. 

Sample 

CHQ 

Preconcentration of the ion pair complex 
( Position 1 ) 

Desorption into the organic phase 
( Position 2 ) 

Fig. 2. Automated preconcentration and extraction by means of an S-channel. Ih-port multifunctional valve 
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Fig. 3. Dependence of the absorbance of the ion-pair complex 
on the flow rate of the organic phase (fP = 60 s; c’,, = 5 erg 
ml ‘). 

In the case of applying the “stop-flow-mode” 
the chromatomembrane cell is suitable for precon- 
centration procedures as well. An efficiently work- 
ing manifold, however, will be designed by 
integrating this novel device into flow systems for 
automated analysis [lo]. In general the choice of 
the method for detecting the analyte is an open 
one, even online delivery to an additional separa- 
tion device such as GC or HPLC is possible. 

In this paper a new automated FI system is 
introduced which demonstrates the advantages of 
the application of chromatomembrane cells to the 
critical step of ion-pair extraction intended for the 
Methylene Blue method. For meeting the require- 
ments of environmental monitoring the sophisti- 
cation of the procedure will increase as soon as 
the chromatomembrane cells are produced com- 
mercially (i.e. a second cell could be introduced 
further on for backwashing the chloroform phase 
from the matrix components). 

2. Experimental 

The ion-pair complex between dodecylsulfate 
and Methylene Blue (MB) was formed in acetate 
buffer at pH 4.7. The samples (S) containing 
different amounts of sodium dodecylsulfate dis- 
solved in water had to be mixed for that purpose 
with equal portions of MB (Rl: 1.25 x lop4 mol 
l- ‘; carefully purified before use, i.e. the aqueous 
MB solution was washed with CHCl, to remove 
components soluble in organic solvents) and 
sodium acetate buffer (R2: 0.1 mol 1-l). After 
merging the three conduits the ion pairs were 
formed. Throughout the period while the aqueous 
phase passed the reaction coil (Fig. 1) its outflow 
was delivered to a chromatomembrane cell (size 
3.0 x 0.5 x 1.0 cm”; free volume of each phase 
about 0.2 ml; macropores 200 pm i.d.; micropores 
0.3 pm i.d.) which was used for the preconcentra- 
tion of the ion-pair complex and its subsequent 
extraction with chloroform. 

An FI spectrophotometric system suitable for 
automated dodecylsulfate determination was real- 
ized by means of a combination of an FIAS 300 
instrument and a UVjVis spectrometer Lambda 
2S (Perkin Elmer GmbH, Bodenseewerk. Ger- 
many). The FIAS 300 FI tool was equipped with 
an &channel. 166port multifunctional valve [ 1 l] 
to perform computer-aided preconcentration pro- 
cedures. The maximum absorbance of the ion-pair 
complex dissolved in chloroform is 650 nm. 

The radial mixing of the three components Rl, 
R2 and S (each flowing at 0.45 ml min’) was 
achieved with the use of a standard chemifold 
(Fig. 1: short coils of 30 cm length are provided 
for ion-pair formation). The aqueous phase con- 
taining the ion-pair complex passed the chro- 
matomembrane cell with a flow rate of 1.35 ml 
min ~’ (position 1 shown in Fig. 2). While the 
ion-pair is preconcentrating in the waterlchloro- 

Table I 
.4bsorbance dependence on the volume of aqueous phase: 

(‘,, “‘q 501 = 2.25 /lg dodecylsulfate; C, f,, = const. 

Absorbance 0.479 0.428 0.451 0.467 

v (aqsol.) (ml) 1.35 2.7 5.4 13.5 
.~ 
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Table 2 
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Absorbance dependence on the preconcentration time: cw = 5 leg ml-‘; R = 0.99917 

Absorbance 0.057 0.193 0.294 0.43 I 0.505 0.624 0.746 0.87 1 0.976 

Time (s) 15 30 45 60 75 90 105 120 135 

form phase boundary inside the cell the surplus of 
MB remains in the flowing aqueous phase. A 
definite period of time later (preconcentration 
time) the aqueous phase was stopped and the 
organic phase started to flow. The ion-pair com- 
plex now being extracted by chloroform passed a 
flow through cell (d= 10 mm; u = 18 ~1) for detec- 
tion by means of the spectrometer (position 2 
shown in Fig. 2). 

Given that both the preconcentration time (1 
min) and the content of dodecylsulfate (5 pg 
ml-‘), need to be kept constant we optimized the 
measurement of absorbance by varying the flow 
rate of the organic phase. Fig. 3 shows the result. 
We decided that 0.60 ml min ’ was the optimum 
flow rate to be used in all further investigations. 
Taking into account a capacity of about 0.2 ml 
for chloroform inside the chromatomembrane cell 
it should be emphasized that the ion-pair complex 
is always finally dispersed in a volume of 3 ml 
organic phase. 

Reasonable values of absorbance can be ob- 
tained by varying the preconcentration time. The 
more a sample had been diluted the longer the 
preconcentration time which had to be chosen. 
Table 1 shows that the detected absorbance is 
always at the same level as long as the product of 
concentration and volume having passed through 
the chromatomembrane cell remains constant. 
The corresponding mass of dodecylsulfate is 2.25 
pg in all cases but it had to be diluted in different 
volumes of water which had to pass during the 
preconcentration time. Incidentally, this agrees 
with all observations we noticed from other appli- 
cations of the chromatomembrane cell. 

3. Results and discussion 

In principle two different approaches exist, for 
working with the FI system just described. On the 

one hand a standard solution containing 5 pg 
ml-’ dodecylsulfate was used to form the ion-pair 
complex which had to flow with the aqueous 
phase through the chromatomembrane cell for 
preconcentration inside. The quantity of the ion- 
pair complex later extracted by chloroform de- 
pends on the preconcentration time (t,), i.e. the 
period for which the aqueous phase has flowed 
through the cell. The absorbance shows a linear 
response to the preconcentration time (Table 2). 

On the other hand a normal calibration graph 
will be obtained in the case where the preconcen- 
tration time remains fixed and the concentration 
of dodecylsulfate varies (Table 3). Because of the 
fact that the detected quantity of dodecylsulfate 
(m) equals the product of its concentration in the 
aqueous phase (c,) x flow rate of the aqueous 
phase (vu.) x preconcentration time (t,) it is easier 
to standardize the x-axis in terms of ~1. If the 
original concentration is required it can be calcu- 
lated from the formula 

n7 
c, - 

1 w I, 

It is worth mentioning that there is now the 
possibility of setting the parameters in the way 
required to obtain values of absorbance in the 
range of best confidence. Referring to the concen- 
tration of dodecylsulfate in the original sample 
the FIA system proved to be reliable in the range 
0.02-5.0 mg I-‘. The slope factor of the calibra- 
tion plot was calculated with a standard deviation 
of I3%. Corresponding to the preconcentration 
time the volume of the aqueous samples varied in 
the range 0.222.2 ml. Probably the limit of detec- 
tion will decrease with prolonged preconcentra- 
tion time. This is of interest for further 
investigation. 

The results are altogether satisfying even 
though some notes seem to be necessary to ex- 
plain the mechanism of the preconcentration cycle 
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Table 3 
Calibration for dodecylsulfate: 1, = const.; R = 0.9983 

Absorbance 0.105 0.240 0.314 0.447 0.664 0.932 

m (dodecylsulfate) (11~) 0.562 I.125 I.688 2.25 3.375 4.5 

inside the chromatomembrane cell The proce- 
dures established up to now to determine anionic 
surfactants using the MB method suffer from the 
small-scale distribution coefficient of the ion-pair 
complex between water and chloroform. Often 
this is the reason for decreased confidence in 
results. 

The chromatographic behaviour of the ion-pair 
complex inside the chromatomembrane cell was 
investigated under the condition of a stationary 
chloroform phase. A simple strategy was found: 
the micropores of the cell were filled with pure 
chloroform and then the inlet and outlet for the 
non-polar phase were shut. The ion-pair complex 

CHCIJ ’ 
Adsorption at the phase boundary ’ II 

water - chloroform 

Sample 

-\ 
CH’& ’ 

Saturated phase boundary ’ II 

Sample 

Desorption into the organic phase 

? Methyleneblue dodecylsulfate complex 

0 Surplus of methyleneblue 

Fig. 4. Preconcentration, and extraction cycle inside the chro- 
matomembrane cell. 

in stoichiometric composition dissolved in water 
was pumped through the macropores of the cell. 
We measured the retention volume which was 
observed to be 350 times larger than the free 
volume of the cell in the case of a 1 x lop5 mol 
1-l aqueous solution. However, as this concentra- 
tion increased the retention volume decreased cor- 
respondingly. In other words the concentration is 
inversely proportional to the retention volume 
observed. 

This is comprehensible if it is assumed that the 
ion-pair complex is adsorbed at the interface 
boundary between the two liquids. The quantity 
of adsorbed complex can expand greatly because 
of the fact that the concentration area inside the 
cell extends over about 0.7 m2 cm-j biporous 
PTFE. The break point will not occur until the 
interface boundary has been saturated. Then the 
ion-pair complex will be able to leave the cell with 
the flowing aqueous phase. 

Returning to the normal mode of operation 
with the chromatomembrane cell we understand 
that the extraction procedure requires a bigger 
volume of chloroform because it has to remove 
the entire quantity of ion-pair complex adsorbed 
at the phase boundary. As mentioned above the 
extraction volume of chloroform amounts to 3 ml 
in all cases. 

Fig. 4 expresses our model of the preconcentra- 
tion cycle in detail. The ion-pair complex com- 
pletely adsorbs at the phase boundary as long as 
the aqueous phase flows through the cell. In the 
meantime the surplus of MB is flushed away with 
the water. The extraction procedure with chloro- 
form must start before the phase boundary has 
been saturated. The volume of the organic phase 
required to desorb all ion pairs from the phase 
boundary depends on the extent of the contact 
area inside the chromatomembrane cell. As soon 
as the extraction procedure has finished the pre- 
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concentration cycle can start again. The mech- 
nism suggested above is able to explain the strong 
retention volumes observed in spite of the knowl- 
edge that the distribution coefficient only amounts 
to five. In summary the chromatograpic process 
can be classified as liquid adsorptionliquid chro- 
matography. 

4. Conclusions 

The application of chromatomembrane cells 
has been made possible by developing a com- 
puter-operated procedure to determine anionic 
surfactants corresponding to the MB method. 
Moreover, the distinguishing features of the pro- 
cess are good recovery and remarkable accuracy. 
Even though the current stage of development 
does not meet the recommendation of the Eu- 
ropean Committee for Standardization (IS0 
7875-l) in all details further adjustments of the 
procedure reported here should be easily attain- 
able. Wastewater samples normally contain Cl 
and NO, which interfere by forming ion pairs 
with MB. To avoid excessive results for the 
MBAS in this case a backwashing step with 
aqueous buffer solution is provided. For this pur- 
pose a second chromatomembrane cell should be 
included in the FI analyzer. Otherwise a correc- 
tion on the basis of adjusted calibration proce- 
dures has to be proved according to the paper of 
Burkhardt et al. [12]. 
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Abstract 

Speciation of elements in natural matrices, especially of trace metals, is one of the predominant development trends 
of modern inorganic analysis. The main part of the conventional speciation procedures is a suitable combination of 
separation and chemical conversion steps, for which the most appropriate methodology seems to be the use of 
flow-injection. A shorter time of performance of these operations in flow-injection manifolds is advantageous in terms 
of avoiding the shift of chemical equilibria during the speciation measurement. Numerous other advantages are also 
pointed out in this review based on 58 references. Among flow-injection analysis methods published so far for 
speciation the determination of different oxidation states predominates, while a much smaller number of papers have 
been published on the determination of the degree of complexation or the determination of organometallic 
compounds. 

Kqxwds: Flow-injection analysis; Natural matrices: Speciation; Trace metals 

1. Introduction 

Most commonly in the chemical literature “spe- 
ciation” is used to mean the analytical determina- 
tion of the concentrations of various chemical 

* Corresponding author. E-mail: mtrojano@post office. 

newisham.utas.edu.au 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA ‘95). held in Seattle. WA. 

USA, August 13-17. 1995. 

species containing a given element in a particular 
material, although it is often also used to mean 
the existence of a given element in a particular 
matrix in various chemical forms. One can also 
find the term “speciation analysis”, meaning the 
determination of the concentrations of the indi- 
vidual physicochemical forms of the element in a 
sample that together constitute its total concentra- 
tion, The first meaning is used most frequently 
and this is the one adopted in this paper. 

0039-Yl40:96 $15.00 8 1996 Elsevler Science B.V. All rights reserved 
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The importance of knowing that a given ele- 
ment occurs in different physicochemical forms in 
various natural matrices, not only for macrocom- 
ponents but also for trace elements, has been 
widely recognized in the last 20 years in environ- 
mental science, biology and medicine. This is evi- 
dent from the hundreds of original research 
papers published in scientific journals and several 
books published in recent years [l-6]. Various 
chemical forms of binding of the element of inter- 
est exhibit different reactivity, toxicity and 
bioavailability. The most difficult problem en- 
countered in speciation is to develop a procedure 
which does not disturb the chemical equilibria 
between forms of the element existing in a given 
matrix. It might then be concluded that the most 
satisfactory procedure should be based on the 
determination of the total amount of all elements 
in a given material followed by the computer- 
aided calculation of the concentrations of particu- 
lar species based on ionic and redox equilibrium 
constants. It is obvious, however, that the success 
of such a procedure is limited by difficulties in 
taking into consideration all kinetic factors, ad- 
sorption proceses, polymerization reactions and 
heterogeneous processes. The number of available 
stability constants is also limited; hence in prac- 
tice the procedures of analytical determination of 
particular species predominate with the use of 
different detection methods, separation operations 
and chemical conversion into detectable species. 

Flow-injection analysis (FIA), intensively devel- 
oped over the past 20 years, offers several valu- 
able advantages for speciation of both macro- and 
microelements. Its main feature is a shorter analy- 
sis time than in conventional, manual procedures, 
because in many cases the condition of not dis- 
turbing the equilibria in analyzed samples is 
much better fulfilled. Also of very great impor- 
tance is a reduced human participation in time- 
consuming operations such as sample condit- 
ioning, reagent manipulation and calibration of 
the measuring system. Very advantageous is the 
possibility of using on-line preconcentration tech- 
niques and non-chromatographic separations such 
as ion-exchange, dialysis, solvent or solid-phase 
extraction. 

Early works on speciation using FIA were re- 
viewed by Luque de Castro [7.8]; however, the last 
few years have brought significant progres in this 
field. Amongst the numerous ways to determine 
the distribution of elements in natural matrices 
the FIA speciation studies have focused on three 
areas: simultaneous determination of species in 
different oxidation states, determination of the 
complexation degree of metallic elements or deter- 
mination of the content of a given complex com- 
pound. There were also some attempts to use FIA 
for the speciation of organometallic species, al- 
though FIA cannot by any means compete with 
chromatographic techniques. 

2. General remarks on speciation using FIA 

The literature concerning chemical speciation 
employing FIA methods provides a large variety 
of designs of the measuring systems utilizing vari- 
ous detectors as well as different examples of 
off-line and especially on-line sample manipula- 
tion. A relatively simple task is to design a set-up 
with several detectors, mostly two, where each of 
them can selectively produce the analytical signal 
corresponding to the concentration of a particular 
chemical form of a given element. They can be 
arranged in series, if in at least one of them a 
substantial dispersion of the sample segment does 
not occur, or in parallel with sample splitting 
between the two branches of the manifold. Simul- 
taneous injection with two combined valves to 
various branches of the FIA manifold is also 
used. 

Most often. however, single detector manifolds 
are employed, which usually require much greater 
creativity to design the whole measuring system 
successfully. The least complicated systems are 
developed when off-line sample pretreatment is 
involved. Such systems utilize the advantages of 
the flow-injection methodology to a limited ex- 
tent. In most FIA systems designed for speciation, 
the determination of various species by the same 
detector is achieved through various methods of 
on-line sample manipulation. For each sample 
injection a single analytical signal is most often 
produced in the detector; however, the simple 
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sample [ 121: q,q’. 

changing of reagent solutions in the manifold 
between successive injections or the simple and 
fast rearrangement of the manifold allows one to 
obtain a signal corresponding to different chemi- 
cal forms of the element. Among methods of 
on-line chemical conversion the most frequently 
used are reduction and oxidation, selective sorp- 
tion on appropriate sorbents or total retention 
followed by fractional elution as well as volatiza- 
tion. Kinetic discrimination is seldom utilized for 
this purpose. i.e. differences in the reaction rates 
among various sepecies. The change of reagents in 
the manifold for the determination of various 
forms is arranged by the use of selecting valves or 
by designing reversed FIA systems with injection 
of reagent into the stream of continuously aspi- 
rated sample. 

Different pretreatment of various aliquots of 
the same sample is managed in the manifold with 
the splitting of the sample zone between different 
branches of the FIA manifold. This different pre- 
treatment, followed by merging sample segments 
into a single stream approaching the detector, 
allows one to obtain, for instance, two indepen- 
dent analytical signals for one injected sample 
solution. Two signals for one injected sample can 
also be obtained for simultaneous injection with 
two combined valves into separate parts of the 
FIA manifold. The most common configuration, 
where two signals are obtained for different spe- 
cies, is a FIA set-up with selective on-line reten- 
tion of one form or with retention of the total 
amount and then selective consecutive elution. 

More detailed discussion of FIA manifolds 
used for speciation is given below together with 
presentation of their chemical applications. Al- 
though the presentation of FIA systems for speci- 
ation is the main aim of this review. we have 
decided to present all collected information not 
according to technical arrangements of FIA set- 
ups. but rather according to the nature of the 
chemical problems solved in this way. We hope 
that such a means of presentation may be more 
interesting for a larger circle of analysts than just 
those interested mainly in developing flow analyti- 
cal methods. 

3. Speciation of different oxidation states 

The largest number of FIA systems have been 
developed for the speciation of different oxidation 
states of the target element. Two basically differ- 
ent concepts of measurement can be distin- 
guished. In two consecutive measurements with 
some changes to the manifold, with different off- 
line sample modification or in a more complex 
manifold, firstly the total content of a given ele- 
ment is determined and then the content of partic- 
ular species. In another type of FIA system the 
selective determination of each form of different 
oxidation state is carried out. 

The first of these two options is usually simpler 
to be developed. Most often it has been used for 
the speciation of chromium, iron and arsenic, 



828 

ml /mln 

Photodcde Array Oetec tor 

carrier 

LMG 

szcB2‘ 

reagent large volume cOrrler 

I I 

- scan 

Fig. 2. Manifold of the FIA system used (A) and schematic diagram of the sample;reagent sequencing (B) in speciation of iron 

utilizing kinetic discrimination of analytes in the reaction between Leucomalachite Green (LMG) and S,Oi with 1. I O-phenanthro- 

line (I,lO-phen) as activator [17]. 

although FIA systems for the speciation of other 
elements have also been reported. 

In the speciation of chromium, besides deter- 
mining the total content of Cr(II1) and Cr(VI), 
Cr(V1) content is separately determined using 
spectrophotometric determination with diphenyl- 
carbazide and AAS detection. In the least compli- 
cated manifold a series arrangement of the 
spectrophotometric and AAS detectors was ap- 
plied [9]. Several systems were developed with a 
spectrophotometric detector only and on-line oxi- 
dation of Cr(II1) to Cr(V1) in order to determine 
total chromium content [10&13]. In several sys- 

tems reversed FIA measurements were employed 
with continuous sample aspiration and injection 
of reagents[ 11,121. Especially worthy of mention is 
the system shown in Fig. 1, in which continuous 
monitoring of pH is performed [12]. The sample 
segment is split into two streams, where Cr(V1) 
and total chromium are measured, whereas 
knowledge of the pH value allows the calculation 
of the content of hydroxylated complexes of 
Cr(II1) and protonated and polymerized forms of 
Cr(V1). Other configurations were developed with 
the use of double-beam detection with two spec- 
trophotometric flow cells, which gave the most 



reproducible results [ 131. In determinations with 
AAS detection. the on-line sorption of the Cr(VI) 
complex with sodium diethyldithiocarbamate on 
Cl8 was adopted, whereas total chromium was 
determined after oxidation of Cr(II1) with peroxy- 
disulphate [ 141. 

A FIA system with spectrophotometric and 
AAS detectors in series was also reported for the 
speciation of iron, where determination of Fe(H) 
was based on reaction with 1, IO-phenanthroline 
[9]. This reaction was also utilized in three other 
FIA systems with spectrophotometric detection 
only [15- 171. In order to determine total iron, 
Fe(II1) was on-line reduced on a column with 
Jones reductor [15]; alternatively a complex of 
Fe(II1) with 1. lo-phenanthroline was reduced 
photochemically [16]. A unique system for iron 
speciation was also developed with the use of 
kinetic discrimination (Fig. 2) [17]. It was based 
on different kinetic-catalytic behaviours of Fe(I1) 
and Fe(II1) in the redox reaction between Leuco- 
malachite Green and peroxodisulphate with and 
without the presence of 1, lo-phenanthroline act- 
ing as activator. 

Differences in on-line sample pretreatment were 
utilized in the design of FIA systems for the 
speciation of As(II1) and As(V) with spectropho- 
tometric [ 181 and AAS [19,20] detection. Sequen- 
tial detection of AsO$~ -AsO:- mixtures was 
based on the formation of heteropolyacids with 
MOO: ~ [I 81. When sample in the manifold 
merges with iodate solution, it oxidizes arsenite 
and the obtained signal corresponds to the sum of 
both arsenic anions. When sample is not oxidized 
it gives a signal corresponding to arsenate alone. 
Using hydride generation AAS for detection total 
arsenic was determined using arsine generation in 
6 M HCl, whereas As(II1) alone can be deter- 
mined by generation of arsine in citrate buffer at 
pH 3 [19]. A more sophisticated AAS procedure 
was also used, which was based on the generation 
of arsine in a FIA system and its subsequent 
trapping in a graphite furnace coated with appro- 
priate absorbers [20]. The arsine was transferred 
to the graphite furnace through an electronically- 
activated arm. As(II1) was determined using addi- 
tion of NaOH to a water carrier stream, while 
potassium iodide was used when total arsenic had 
to be determined. 

Various chlorine-containing species can be de- 
termined in flow-injection systems with spec- 
trophotometric detection. In the speciation of low 
concentrations of chlorite and chlorate ions chlor- 
ite was selectively determined by using its reaction 
with iodide at pH 2, which liberates iodine, while 
in 6 M HCl both species produce iodine, which is 
then measured spectrophotometrically [21]. Differ- 
entiation of residual free and combined chlorine 
was based on different reactions of the two species 
with 2,4-dinitrophenyldiazonium ion depending 
on the acidity in a reversed flow-injection system 
[22]. Iodide can be directly determined over a 
wide concentration range using potentiometry 
with an ion-selective membrane electrode. whereas 
iodine can be determined after on-line reduction 
to iodide with sodium metabisulphite [23]. 

Total phosphorus and orthophosphate were de- 
termined in wastewater in the FIA systm with two 
detectors [24]. Orthophosphate was determined as 
molybdovanadophosphoric acid using a spec- 
trophotometric method and the solution from the 
flow cell of the spectrophotometer was directly 
introduced into an inductively-coupled plasma. In 
another reported system with spectrophotometric 
detection orthophosphate was determined as the 
sum of orthophosphate and pyrophosphate after 
on-line separation and preconcentration of both 
analytes on an inert support modified with a 
diorganotin extractant [25]. The sum of both an- 
ions was determined after preliminary hydrolysis 
of pyrophosphate to orthophosphate by use of 
inorganic pyrophosphatase dissolved in solution. 

The speciation of inorganic selenium was car- 
ried out in FIA systems with cathodic stripping 
voltammetric detection with a mercury film on a 
glassy carbon electrode [26]. with anodic stripping 
voltammetry at a gcid electrode [27], and with 
hydride generation AAS detection [28], which al- 
lows Se(IV) detection. In all three cases the sum 
of Se(IV) and Se(V1) was determined after reduc- 
tion of Se(V1) to Se(IV), carried off-line chemi- 
cally [26,27] or on-line in a microwave unit [28]. 
In the system with anodic stripping voltammetry 
the on-line removal of the interfering cations on a 
Chelex-100 column was employed [27]. 

More complex and more difficult to design are 
FIA speciation systems with selective determina- 
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tion of each individual form of the element of 
interest. In this type of FIA system for speciation 
several papers reported manifolds for nitrate and 
nitrite, but also for chromium and iron speciation. 
Nitrogen in most samples does not occur as ni- 
trate and nitrite only, hence the methods for their 
determination are included in this type of FIA 

system, although in most FIA speciation systems 
both these analytes are determined both together 
and separately. Simultaneous FIA determination 
of nitrate and nitrite was carried out with spec- 
trophotometric [29-321, amperometric [33], AAS 
[34] and chemiluminescence [35] detection. In the 
measuring set-up with a dual absorbance monitor 
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Fig. 4. Manifold of the FIA system with AAS detection and on-line preconcentration on cellulose sorbents used for speciation of 
chromium (A) and comparison of recordings (B) obtained with (B’) conventional aspiration and (B”) with FILAAS system with 
preconcentration of (a) Cr(lI1) and (b) Cr(V1). In B”: aspirated sample volume, 100 ml; flow rate, 5.0 ml min-’ [38]. 

connected to a dual-channel recorder both species 
were determined using common methods, where 
nitrite is diazotized and product is transformed 
into a coloured azo dye. The injected sample is 
split between two branches of the manifold and in 
one of them nitrate is on-line reduced to nitrite 
[29]. Two separate signals are measured for nitrate 
and the sum of nitrite and nitrate. The same 
method in FIA systems with single detector and 
two injection valves was used by other authors 
[30,31]. For the on-line reduction of nitrate to 
nitrite copperized metallic cadmium micro- 
columns are most often used [29931,33]; however, 

photo-induced reduction with UV radiation in the 
presence of complexones was also reported [32]. 
In the system with indirect biamperometric detec- 
tion the analytical signal is observed when nitrite 
oxidizes iodide to iodine and the reversible couple 
is formed [33]. The injected sample is split in a 
FIA manifold into two segments (Fig. 3). One of 
them is transported through a reducing mini- 
column and a delay loop. For each injected sam- 
ple two peaks are obtained, the first of which 
corresponds to nitrite and the second to the sum 
of nitrite and nitrate. Sequential determinations of 
nitrate and nitrite with AAS detection were based 



on continuous liquid-liquid extraction [32]. Ni- 
trate reacts with bis(2,9-dimethyl- 1.1 O-phenan- 
throlinato) copper(I) to form an ion pair which is 
extracted into 4-methyl-2-pentanone in a flow-in- 
jection manifold. In one aliquot of sample nitrite 
is oxidized by Ce(IV), so that total nitrate is 
determined. In another, nitrite is converted to 
nitrogen with sulfamic acid, so that only original 
nitrate is determined. By measuring the AAS sig- 
nal of copper in the organic phase, both species 
can be determined. Nitrite and nitrate were also 
determined in the reversed FIA system with 
chemiluminescence detection in the gas phase and 
transfer reduced NO to the gas phase through a 
PTFE membrane [35]. NO produced by injection 
of Ti(II1) solution corresponds to the sum of 
nitrate and nitrite, whereas injection of iodide 
results in reduction of nitrite only. Detection is 
based on chemiluminescence from the reaction of 
NO with ozone. A reversed system with continu- 
ous sample aspiration and sequential injection of 
appropriate reagents was also used in the selective 
determination of nitrite with the formation of azo 
dye and ammonia using the Nessler method [36]. 

The speciation of chromium in FIA systems, 
where for each injected sample signals corre- 
sponding to Cr(II1) and Cr(V1) were obtained, 
was reported with inductively-coupled plasma- 
atomic emission spectrometry, (ICP-AES) [37] 
and AAS [38] detection. In the first-mentioned 
system a microcolumn of activated alumina was 
used in the FIA manifold to separate and precon- 
centrate Cr(V1) from Cr(II1). After detection of 
Cr(III), ammonia solution was injected to elute 
Cr(V1) from the column. In the system with AAS 
detection two columns with different functional- 
ized cellulose sorbents were used for selective 
sorption of Cr(II1) and Cr(V1) from continuously 
aspirated sample (Fig. 4) [38]. Sequential elution 
with appropriate solutions provides two peaks 
corresponding to Cr(II1) and Cr(V1) contents in 
the sample. 

Several different FIA methods were developed 
for iron speciation, where individual signals were 
obtained for Fe(I1) and Fe(II1). In the system 
with two spectrophotometric detectors and simul- 
taneous sample introduction by two coupled in- 
jection valves, iron(I1) was determined with 

1, lo-phenanthroline, whereas iron(II1) was deter- 
mined with thiocyanate [39]. In the system with 
AAS detection a packed bed reactor with Dowex 
1 anion exchange resin was used to retain chloride 
complexes of Fe(III), whereas Fe(I1) species 
passed through the reactor to the detector [40]. 
This was followed by the separate elution of 
Fe(II1) to the detector by change of carrier solu- 
tion. On-line solid-phase extraction was also em- 
ployed in two other FIA systems for iron 
speciation with spectrophotometric [41] and AAS 
[42] detection. In the first system Fe(I1) was pre- 
concentrated on a Cl8 column with immobilized 
ferrozine and then eluted with methanol. Determi- 
nation of Fe(II1) required on-line reduction with 
ascorbic acid [41]. In the second one injected 
sample was mixed with ferrozine solution and 
while Fe(II1) is directly carried to the flame AAS 
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Fig. 5. Schematic diagram of the FIA system with molecular 
emission detection (.4) used for speciation of sulphur anions 
and response from a mixture of sulphur anions (B): I. sul- 
phide: 2, sulphite; 3. sulphate [44]. 



detector, Fe(II))ferrozine complex is temporarily 
retained on a Cl8 column and is then subse- 
quently eluted with methanol. 

Speciation of vanadium was carried out using 
flame AAS with an on-line procedure for the 
preconcentration of V(V) using silica-bonded ion- 
exchange resin [43]. While V(V) retention took 
place. the unretained V(IV) passed to an AAS 
detector, which was followed by elution of V(V) 
species with a plug of sodium hydroxide solution. 

Simultaneous flow-injection determination of 
sulphite, sulphide and sulphate was reported in a 
system with a molecular emission cavity detector. 
which was based on the sequential appearance of 
S2 emission peaks corresponding to these species 
(Fig. 5) [44]. In the system with an atomic absorp- 
tion spectrometer operated in the emission mode 
a 3 ~11 sample was injected and detection limits for 
sulphur anions were in the range 0.060.15 ng for 
injected samples. 

A list of the applications of flow-injection 
methodology to the speciation of different oxida- 
tion states of 10 elements is shown in Table 1. 
With a few exceptions optical methods of detec- 
tion are mostly used, mainly molecular absorptive 
spectrophotometry in the visible range and AAS. 
The majority of practical applications concern 
natural waters, often spiked with analytes. Nu- 
merous developed methods exhibit a sufficiently 
low detection limit to find practical applications 
for natural samples. It seems that from the point 
of view of environmental analysis speciation pro- 
cedures should also be developed for elements 
such as antimony, manganese, thallium and tel- 
lurium, as well as simpler methods for the specia- 
tion of oxidation states of sulphur. Especially 
desirable seems to be the development of simple 
speciation methods for medical applications [45]. 

4. Speciation of complexes 

In most natural matrices elements occur only in 
a small fraction of cases as simple, hydrated 
cations and are mostly present in ion pairs or 
complex compounds with inorganic and organic 
ligands. In natural waters only a few percent of 
non-complexed cations of Al, Pb and Cr(II1) can 

be found, and above 80% only e.g. potassium or 
calcium [46]. 

Although it seems to be a simpler task than 
determination of different oxidation states, deter- 
mination of the degree of complexation in FIA 
systems has been reported in a much smaller 
number of papers. 

The possibility of speciation was investigated 
for a model mixture of Cu(I1) with EDTA in a 
simple FIA system with AAS detection and a 
microcolumn containing chelating resin with sali- 
cylate-complexing groups [47]. Three different 
fractions of complexed species of Cd, Cu and Zn 
were determined in a FIA system with AAS detec- 
tion and two microcolumns with Chelex-100 and 
strongly basic anion exchange resin (Fig. 6) [48]. 
Metal species such as hydrated free ions, labile 
metal complexes and possibly metals loosely asso- 
ciated with colloidal matter were retained on 
Chelex-100. The strongly basic anion exchanger 
retained negatively charged organic matter such 
as humic material. The third, unretained fraction 
includes metals strongly associated with very large 
colloidal matter that do not dissociate in any of 
the columns used. 

Two different FIA methods with spectrophoto- 
metric [49] and fluorimetric [50] detection were 
developed for the speciation of aluminum com- 
plexes. In a set-up with spectrophotometric detec- 
tion the determination was based on Pyrocatechol 
Violet chelation. The incorporation of on-line pre- 
concentration on a cation-exchange column al- 
lows measurements of the concentrations of 
non-labile monomeric forms of Al, whereas total 
reactive aluminum and total monomeric Al were 
differentiated by off-line sample pretreatment [49]. 
The fluorimetric detection was based on the for- 
mation of an Allsalicylaldehyde picolinohydra- 
zone fluorescent complex retained on C 18 sorbent 
packed in the flow-cell located in a conventional 
spectrofluorimeter [50]. Three forms of Al (acid 
reactive. total monomeric Al, and non-labile 
monomeric Al) can be determined in a similar 
way, as was described for the system with spec- 
trophotometric detection [49]. Two other forms, 
acid-soluble and labile monomeric Al, can be 
evaluated by difference by injecting three sample 
aliquots into the continuous system and the use of 
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Speciation of ditferent oxidation states using flow-injection analysis 

Element Species Detection Analysed real 
method samples 

Reference 

Cr 

Fe 

I 

N 

P 

S 

Se 

As As(lll). As(V) Spectrophotometry 
HG-AAS 
HGPET-AAS 

Cl Chlorite. 
chlorate 

Residual chlo- 
rine. free and 
combined 

Spectrophotometry 

Spectrophotometry 

Spiked natural waters 
Natural waters 
Natural waters 

Spiked natural waters 22 

Cr(ll1). Cr(VI) Spectrophotometry 

Spectrophotometry 
AAS 
AAS + spectropho- 

tometry 
ICP-AES 

Leather treatment 
effluent 

Waters 
Corrosion test 

seaw’ater 
Reference waters 

Fe(tI), Fe(llt) 

Iodide. 
iodine 

Spectrophotometry 
Spectrophotometry 
Spectrophotometry 
AAS 
AAS + spectropho- 

tometry 

Potenetiometry 

Catalysts 
Reference seavvater 

Mineral process liquids 

Nitrate, 
nitrite 

Spectrophotometry 
Spectrophotometry 
Amperometry 
AAS 
Chemiluminescence 

Pharmaceutical 
preparations 

Ammonia, 
nitrite 

Spectrophotometry 

Natural waters 
Natural waters 
Foodstutfs 
River waters, 

wastewater 
Natural waters 

Phosphate, 
total phospho- 
rus 

Ortho-. pyro- 
phosphate 

ICP AES + spectro- 
photometry 

Spectrophotometry 

Wastewater 

River water 25 

Sulphide. 
sulphite, 
sulphate 

Molecular emission 

Se(lV). Se(VI) Cathodic stripping 
voltammetry 

Anodic stripping 
voltammetry 

HG--AAS 

Spiked natural waters 

Spiked natural waters. 
lyophilised pig kidney 

Reference waters 

V V(N). V(V) AAS Yeast cells 

18 
19 
20 

21 

IO 

II, 12, 13 
14, 38 

9 

37 

15. 17, 39 
16 
41 
40. 42 

9 

23 

29, 31 
30, 32 
33 
34 
35 

36 

24 

44 

26 

27 

28 

43 
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Fig. 6. Schematic diagram of the FIA system with AAS detection used for speciatmn of cadmium. copper and zinc employing 

on-line sorption on Chelea-I00 and anion-exchange AC MP-I columns [48]. 

an on-line ion-exchange microcolumn. The au- 
thors provide interesting results of the application 
of the developed methods to various natural wa- 
ters. where practically no presence of non-labile 
monomeric aluminum was found. 

5. Speciation of organometallic compounds 

Organometallic compounds with covalent 
metal-carbon bonds have essentially different 
chemical properties than coordination complexes 
or hydrated metal cations. They are much more 
volatile and lipophilic and usually exhibit stronger 
toxicity: although the degree of toxicity is strictly 
related to the nature of the monitoring biosystem 
[51]. The known exceptions are organometallic 
compounds of arsenic. which are less toxic than 
inorganic arsenic compounds. 

In all developed FIA systems for speciation of 
organometallic compounds atomic spectroscopy 
detectors were employed. Speciation of arsenic 
was carried out in a commercial set-up for hy- 
dride generation AAS [52]. By carrying out hy- 
dride generation in selected acidic media the 

determination of As(II1) alone, of the sum of 
mono- and dimethylated arsenic (with different 
sensitivities, which can be used for their differenti- 
ation), and of all these species together with As(V) 
is possible. The conditions of hydride generation 
are adjusted in the FIA system by changing the 
reagent solutions. 

Sequential determination of inorganic mercury 
and methylmercury in a system with cold va- 
pour-atomic fluorescence spectrometry detection 
on separation and preconcentration of methyl- 
mercury using a microcolumn of sulphydryl cot- 
ton of relatively high affinity for methylmercury 
has been described [.53]. Inorganic mercury is not 
retained on the column and passed to the detec- 
tor. The retained methylmercury is elucted with 
hydrochloric acid. 

For FIA speciation of organolead compounds 
two approaches have been reported, so far. with 
flame AAS detection. In a simpler system oriented 
towards speciation in natural waters, both inor- 
ganic lead and alkyl-lead species were separated 
and preconcentrated on-line on cationic cellulose 
sorbent Cellex P with phosphonic acid functional 
groups [54]. Elution first with nitric acid and then 
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Speciation of complexes using flow-injection analysis 

Element Complexing 
ligand 

Detection 
method 

Analysed real 
samples 

Al 

Cd 

cu 

Not specified 
Citrate, oxalate, 

acetylacetone 

Not specified 

EDTA 
Acetate, glycine, 

iminodiacetate. 
NTA, EDTA 

Spectrophotometry 
Fluorimetry 

AAS 

AAS 
AAS 

Fresh water 
River, mineral 

and tap waters 

River water 

River water 

Zn Not specified AAS River water 

Table 3 
Speciation of organometallic compounds using flow-injection analysis 

Element Determined 
species 

Detection 
method 

Analysed real 
samples 

As As(III). As(V). 
monomethylarsonic and 
dimethylarsinic 
acids 

Hydride 
generation AAS 

f&(11). 
methylmercury 

Cold vapour 
atomic fluores- 
cence spectro- 

Spiked tap and 
river waters 

scopy 

Pb WI]), 
tetraethyl-lead 

Total lead, 
tetraethyl-lead, 
tetramethyl-lead 

AAS 

AAS 

with ethanol allows one to obtain two signals 
corresponding to the sum of inorganic lead and 
di- and trialkyl-lead compounds and to tetraethyl- 
lead respectively. A more complex procedure was 
developed for FIA determination of total lead and 
speciation of tetraethyl- and tetramethyl-lead in 
gasoline [56]. In this case it was necessary to use 
on-line emulsification of the samples , which was 
achieved by injection of the sample into a stream 
of commercial emulsogen solution. For both spe- 
ciation and determination of total lead, demetalla- 
tion by means of iodine solution in petroleum 
spirit was also employed. As before and after 

Spiked tap and 
surface waters 

Gasoline 

Reference 

49 
50 

48 

41 
48 

Reference 

53 

54 

56 

demetallation the two tetraalkyl-lead species ex- 
hibit different senstivities of AAS response, this 
difference was utilized for the speciation. 

6. Conclusions 

Among over 5000 papers published, so far, on 
various aspects of FIA [56], only about 50, to our 
knowledge, were devoted to speciation. Not many 
of them consider and indicate the advantages 
which FIA offers in comparison to manual proce- 
dures. Practical applications are focused mainly 
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on various natural waters, as speciation in other 
matrices is much more difficult, primarily in terms 
of preserving concentrations of all forms existing 
in a given material during sample pretreatment. 

In our opinion the development of procedures 
for the determination of the total amount of an 
element of interest and of its speciation will be 
one of the development trends in FIA in the near 
future. It should also be mentioned that FIA can 
also be successfully applied to the facilitation of 
sample pretreatment prior to speciation analysis 
performed by much more powerful techniques 
such as capillary gas chromatography coupled 
with microwave-induced plasma emission spec- 
trometry, which was used for speciation of organ- 
otin compounds [57] and mercury [58] in natural 
waters. 
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Abstract 

A simple head-space (HS) flow injection (FI) system with chemiluminescence (CL) detection for the determination 
of iodide as iodine in urine is presented. The iodide is converted to iodine by potassium dichromate under stirring in 
the closed HS vial. and the iodine is released from urine by thermostatting and is carried in a nitrogen flow through 
an iodide trapping solution. The concomitant introduction of aliquots of iodine. luminol and cobalt(II) solutions by 
means of a time-based injector into an FI system allowed its mixing in a flow-through cell in front of the detector. 
The emission intensity at 425 nm was recorded as a function of time. The salting-out of the standard solutions 
affected the gas-liquid distribution coefficient of iodine in the HS vial. The typical analytical working graphs obtained 
under the optimized experimental conditions were rectilinear from 0 to 5 mg I ’ iodine, achieving a precision of 2.3 
and a relative standard deviation of 1.8 for ten replicate analyses of 50 and 200 pg I ’ iodine. However, a 
second-order process becomes significant at higher iodine concentrations (from IO to 40 mg I ‘). The detection limit 
of the method is 10 pg I ’ (80 ng) iodine when 8 ml samples are taken. Data for the iodide content of 10 urine 
samples were in good agreement with those obtained by a conventional catalytic method, and recoveries varied 
between 101 and 103% for urine samples spiked with different amounts of iodide. The analysis of one sample takes 
less than 20 min. In the present study the iodide levels found for 100 subjects were 86.8 + 19.0 (61- 125) pg I-‘, 
which is lower than the WHO’s optimal level (150-300 /ig per day). 

Ke~~m-ls: Chemiluminescence detection; Head-space flow injection; Iodide: Urine 

1. Introduction 

Iodine is an essential microconstituent in the 
human body, which contains an average of 14 mg 
of the element, concentrated mostly in the thyroid 
gland [l]. About 1 mg of iodine per week is 
needed by the body to ensure normal levels for 
the synthesis of the thyroid hormones thyroxin 
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and triiodothyronine [2]. An urinary iodine excre- the iodine, cobalt(H) and luminol solutions into a 
tion below 40 g per day (80 ~18 I- per day) is FI system by means of time-based introduction 
indicative of iodine deficiency in man, if renal device [32] allowed the generation of CL in front 
clearance is normal [5], whereas a daily excretion of the detector. The Co(H)-catalyzed reaction of 
of less than 60 pg I ~ per day is indicative of the iodine with luminol has been selected for its sim- 
existence of endemic goiter in a community [6]. plicity, sensitivity and speed [33 - 351. 

Of the many methods available for the determi- 
nation of iodine, the most commonly used are 
calorimetry [7-lo], neutron activation analysis 
(NAA) and those adapted from the serum-protein- 
bound iodine [ 11,121. While calorimetric methods 
are time-consuming and require sample handling 
[13], NAA has an excellent intrinsic sensitivity for 
iodine; however, low levels of this element in 
biological materials cannot be easily measured by 
conventional reactor-flux instruments because of 
interferences from the high activities of thermal 
neutron activation products of Na, K, Mn, Br, and 
Cl which are generally present in large amounts 
[14]. The analytical sensitivity and sampling 
throughput has usually been improved either by 
the automation of catalytic [ 151, pneumatoampero- 
metric [16] and calorimetric procedures [17] or by 
using stopped-flow and flow injection (FI) tech- 
niques [18-221. On the other hand, iodine has also 
been determined by monitoring the chemilumines- 
cence (CL) emissions from the iodine-luminol 
[23,24] and iodine-hydrogen peroxide-sodium 
hypochlorite systems [25]. However, the most im- 
portant limitations are that several metal ions and 
other species may enhance the same reactions 
[26629] so that separation or masking is required 
for real samples. This disadvantage can be elimi- 
nated by using head-space (HS) techniques [30,31]. 
These make use of the equilibrium between the 
volatile components of a liquid or solid sample and 
the surrounding gas phase in a sealed vessel, and 
aliquots of the gas being removed by an inert gas, 
usually for GC analysis. Thus the HS technique is 
a very convenient way to separate volatile analytes 
from the bulk of the matrix. This work presents an 
on-line HS-FI system for the sensitive and accurate 
determination of iodide in urine by a CL reaction. 
The iodine is generated in the HS device and 
carried in a nitrogen flow to a vial, where it is 
trapped in a KI solution, followed by the determi- 
nation of iodine in the concentrate. The repro- 
ducible and sequential introduction of aliquots of 

2. Experimental 

2.1. Appuratus 

A schematic diagram of the HS-FI-spectropho- 
tometric system is given in Fig. 1. The outlet of a 

A 

- Pump 

B 

- Pump 

Fig. I Schematic diagram of the HS-FI-spectrometric system 
used for the determination of iodide in urine. (A) Injecting 
mode of the Fl system; (B) washing mode of the FI system. 
FTC, flow through cell. 
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c Aluminium foil 

waste 

Fig. 2. Flow-through cell used for CL measurements. Dimensions are in millimeters. 

841 

semiautomatic Perkin-Elmer HS sampler model 
HS-40 is connected through a capillary column 
(0.53 mm i.d.) with a vial which contains the 
iodine trapping solution of potassium iodide. De- 
terminations were performed in a Varian 634 
spectrophotometer operated in the visible mode 
with a glass home-made flow-through cell shown 
in Fig. 2. The system also included a seven-chan- 
nel variable-speed Ismatec IPC persitaltic pump 
with Tygon pump tubes, a home-made time-based 
injector [32] controlled by a Gralab 900 timer 
which permitted the dispensing of electronically 
controlled pulses to the solenoid valve, and a 
Cole-Parmer 156 recorder operated with a chart 
speed of 2 cm min ~ ‘. PTFE tubing of 0.8 mm i.d. 
was used throughout unless otherwise stated. 

2.2. Reugmts 

Unless stated otherwise, all solutions were pre- 
pared from analytical-reagent-grade chemicals. 
Deionized, distilled water was used throughout. A 
stock iodide solution (250 mg 1~ ‘) was prepared 
by dissolving 0.0300 g of potassium iodide in 100 
ml of a salted solution containing 10 g 1~ ’ and 5 
g 1-l of NaCl and KCL, respectively. Working 
solutions of iodide were prepared by suitable dilu- 
tion with the same salted solution. For iodine 
trapping purposes, a 0.2% (w/v) potassium iodide 
solution was prepared by dissolving 200 g of KI 
in 800 ml of water. A stock luminol solution 

(2 x 10 ’ mol 1~ ‘) was prepared by dissolving 
0.0123 g of luminol (B.D.H.) in 50 ml of 0.1 mol 
1 ’ sodium carbonate buffer, pH 12.0. Stock 
cobalt(H) solution (0.1 mol 1~ ‘) was prepared by 
dissolving 2.9 11 g of Co(NO,), .6H,O in 100 ml 
of water; working solutions were prepared daily 
by appropriate dilution with water. A stock 
potassium dichromate solution (0.01 mol 1 ‘) was 
prepared by dissolving 0.2942 g of K,Cr,O, in 1.0 
mol 1~ ’ of hydrochloric acid. 

2.3. Produrr 

The operating HS-FI-CL conditions were opti- 
mized and are given below. The optimization of 
these experimental conditions for the determina- 
tion of iodide was carried out by means of the 
univariate method, with the aim of finding a 
suitable compromise between peak height, sample 
throughput, reproducibility and sample volume 
used per analysis. An 8 ml amount of potassium 
iodide solution (for calibration purposes) or a 
urine sample, and 1 ml of 0.01 mol 1~ ’ potassium 
dichromate solution were placed in the HS sample 
vial. After an agitation time of 1.5 min, a selected 
thermostatting temperature of 140°C was applied 
for 15 min. During sample thermostatting, the HS 
system was in the “standby” position, and a 
carrier stream of nitrogen at a pressure of 24 psi 
flowed through the tube which connected the HS 
with the iodine trapping vial. At the end of the 
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thermostatting time, when the HS was in the 
“pressurization” position, the HS sampling needle 
descended, pierced the septum cap of the sample 
vial and entered the HS vial. The sample vial was 
pressurized with nitrogen at 45 psi during 0.2 min. 
At the end of the pressurization time, the flow of 
nitrogen was stopped, and the vapor from the HS 
vial passed for 2.5 min into a vial containing 3 ml 
of 0.1% (w/v) potassium iodide, where the trap- 
ping of iodine took place. Thereafter, the solenoid 
valve of the time based device was activated to 
open the valves V,, V,, V,, V,, V, and V, and to 
close the valves V,, V,, V,, V,,, V, ,, and V,, (Fig. 
1A) for 3 s. In this way, the iodine, 1 x lo-’ mol 
1~~ ’ Co(II) and 1 x 10 ~ 3 mol 1~ ’ luminol solu- 
tions were pumped at pumping rates of 6.0 ml 
min ‘, 4.4 ml min’ and 7.0 ml min’, which 
allowed the injection of 0.30 ml, 0.22 ml and 0.36 
ml of each solution, respectively. The injected 
volumes of iodine and cobalt(I1) solutions were 
premixed 10 cm before their entrance into the 
flow-through cell, and thereafter mixed in front of 
the detector with the injected volume of luminol 
solution, while the streams of water flowed within 
their respective closed-flow circuits. The emission 
intensity was recorded as a function of time over 
10 s at 425 nm. The solenoid valve was then 
operated in the reverse mode for 30 s (washing 
position) to flush the reagents out from the flow- 
through cell with water (Fig. 1B). The alternation 
of both solenoid positions allowed the repetitive 
and reproducible introduction of sample-reagent 
mixture plugs into the carrier stream. A calibra- 
tion curve was obtained by using the emission 
readings for each standard concentration. The 
iodide concentration of each sample was deter- 
mined as iodine by reference to this analytical 
curve. The water streams were pumped continu- 
ously at 4.4 ml min ~ ’ during the washing process 
to ensure a stable baseline. 

3. Results and discussion 

3.1. Preliminary obsercutions 

It was found that when luminol is oxidized by 
iodine in the presence of Co(II), the emission is of 

such short duration that the mixing time becomes 
critical; consequently, seriously distorted emission 
with low sensitivity was obtained using a conven- 
tional 0.5 ml flow-through cell with a 10 ml optical 
path, which made meaningful studies impossible. 
Therefore, in this study the emission profile was 
obtained by employing a home-made flow- 
through cell (Fig. 2) which allowed the mixing of 
sample and reagents in front of the detector. Also, 
the stability of trace iodine in the trapping vial was 
of vital importance if the full analytical potential 
of this sensitive method for iodine is to be realized. 
Therefore, the glass vial was silanized and pro- 
tected from light [36] during trapping, and the 
injections of aliquots of the iodine solution were 
made within 20 min of the sample absorption 
measurement. 

3.2. HS experimental conditions 

The choice of a septum for sealing the HS vial 
was important for obtaining reproducible analy- 
ses. Butyl rubber septa adsorb iodine, which made 
their use unsuccessful because of low reproducibil- 
ity. On the other hand, PTFE coated with silicone 
rubber septa showed no affinity for iodine, which 
made their use preferable. 

The sensitivity of the analysis improved as the 
volume of sample in the HS vial increased (Fig. 
3a). A 5 ml sample volume provided adequate 
sensitivity. Although larger sample volumes than 5 
ml did not make a great difference with regard to 
sensitivity, in order to achieve the minimum detec- 
tion limit a volume of 8 ml was needed. As the 
volume of the liquid becomes particularly signifi- 
cant, it affects the ratio of liquid to gas in the HS 
vial [37]; therefore, less volatile iodine is likely to 
be found in the gas phase and low distribution 
coefficients (see below) [38] are obtained. These 
results are in close agreement with those previ- 
ously reported by Ettre and Kolb [38], which 
concluded that in the case of samples with low 
distribution coefficients (less than lo), the sample 
volume has a significant influence on the “sensitiv- 
ity” of the HS analysis. 

An acidified potassium dichromate solution was 
used to oxidize iodide to iodine. This oxidant has 
some advantages over others, e.g. it is obtainable 
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Fig. 3. Erects of (a) sample volume, (b) potassium dichromate 

concentration in the HS vial, (c) HS vial thermostatting tem- 

perature, (d) HS vial thermostatting time, (e) sample-potas- 

sium dichromate solution agitation time in the HS vial. (f) 

hydrochloric acid concentration in the iodine trapping vial, (g) 

potassium iodide concentration in the iodme trapping vial. (h) 

HS vial pressurization time. (i) HS injection time, (j) luminol 

concentration, (k) pH. (I) cobalt(ll) concentration. and (m) 

cobah (curve A), iodine (curve B) and luminol (curve C) 

solution volumes injected into the Fl system on the CL signal 

(3 mg I ’ iodine; other condition5 are as specified in Table 3.) 

in a state of high purity, being used as a primary 
standard, the solution does not change on stand- 
ing, and it has an appropriate standard oxida- 
tion-reduction potential for the generation of 
iodine from iodide [39]. The effect of the oxidant 
concentration on the CL emission intensity was 
examined in the 300-900 mg 1 ’ range. Fig. 3b 
shows that better sensitivity was observed with a 
potassium dichromate concentration of 600 mg 
1~. ‘. There was little difference when the acidity of 
the oxidant solution was kept between 0.5 and 2.0 
mol I- ’ of hydrochloric acid. 

Higher thermostatting temperatures of the sam- 
ple increased the sensitivity of the analysis (Fig. 
3~). This effect is likely to be due to an enhanced 
concentration of iodine in the gas phase owing to 
a higher partition coefhcient of this volatile com- 
pound [37]. However, temperatures above 150°C 
were avoided due to the risk of degrading the 
sample, bursting the container or losing the ana- 
lyte due to chemical interaction with the vial 
septum [40] and to a larger variation of the CL 

signal. Besides, higher sample temperatures may 
lead to more water vapor purged on to the trap- 
ping adsorbent media with a reduction in the 
sensitivity and precision of measurements [41]. 
The CL signal increased with an increase of the 
thermostatting temperature up to 15 min; there- 
after the emission intensity markedly decreased 
(Fig. 3d). Taking into account the sensitivity, 
sampling frequency and the error. the HS was 
thermostatted at a temperature of 150°C for 15 
min. 

The stirring of the sample with the potassium 
dichromate solution in the HS vial is necessary to 
prevent the entrapment of the volatile analyte 
within the matrix through homogenization during 
the extraction procedure. Fig. 3e shows that the 
iodine reached an equilibrium in 1.5 min. 

3.3. Iodinr trapping conditions 

It is usual to dissolve iodine in a solution of 
potassium iodide for the preparation of standard 
iodine solutions [39]. Therefore. in this work an 
acidified potassium iodide solution was used as an 
efficient medium for trapping the iodine resulting 
from the vapor generated in the HS vial. It is 
generally assumed that in this process a complex 
compound. KI,, is formed, but this is not very 
stable. for the solution behaves as thought it were 
a solution of iodine [39]. As long as the pH of the 
solution is below 8 it has little or no effect on the 
iodine-iodide system. Above this level, however, 
iodine reacts with hydroxyl ions to form hy- 
poiodite which, being unstable, is converted to 
iodate [39]. Therefore, the acidity of the potas- 
sium iodide trapping solution must be maintained 
between certain limits. Hydrochloric acid concen- 
trations higher than 1 .O mol I- ’ maintained the 
iodide solution at the optimum pH range for the 
absorbance of iodine (Fig. 3f). Fig. 3g shows the 
effect of the iodide trapping solution concentra- 
tion on the CL response. As the iodide concentra- 
tion increased beyond 0.1% (wD). a decrease in 
the CL peak height was observed due to the 
formation of the triiodide ion, 1, [23]. Although 
this ion increases the solubility of iodine and 
keeps the iodine from volatilizing, it does not 
react with luminol to generate CL. 
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The iodine trapping efficiency in the iodine 
trapping vial is compound-dependent and in- 
volves a knowledge of other factors also, includ 
ing the vapor pressure of the compound, the HS 
sample vial pressure (carrier gas pressure) and the 
interaction between the analyte and the adsorbent 
solution. A sample pressurization of 45 psi during 
0.2 min provided an adequate analyte vapor 
stream from the HS vial to the trapping adsorbent 
vial (Fig. 3h). The injection time was varied from 
0.5 to 2 min (Fig. 3i). Sufficient sample quantity 
was delivered after 1.5 min with maximal ab- 
sorbance efficiency in the KI solution. 

3.4. CL experimental conditions 

The CL peak height would be expected to vary 
according to certain parameters which affect the 
emission intensity, e.g. luminol, catalyst and oxi- 
dant concentration and pH of the luminol solu- 
tion. 

The effect of varying the luminol concentration 
is shown in Fig. 3j. The emission was most intense 
at a 1.6 x 10 - 3 mol 1~ ’ luminol concentration in 
the solution injected in the FI system (Fig. 1). 
Characteristically there is a decrease in efficiency 
at higher luminol concentrations, which may be 
due to luminol (or its aminophthalate oxidation 
products) acting as an organic complex to reduce 
the “availability” of the metal ion for catalysis 
[351. 

The effect of pH (10.5-13) on the intensity was 
investigated. CL was produced only in the alka- 
line environment. Higher intensity was observed 
at pH 12.0 (Fig. 3k). The buffer was prepared 
from sodium hydrogen carbonate, and a glass 
electrode was employed to measure the pH after 
the reaction has taken place, to ensure the buffer 
capacity was sufficient. The intensity maximum 
occurred at a relatively high pH value, as other 
investigators have reported a maximal quantum 
yield in the 10-l 1.5 interval [33,35,41]. This be- 
haviour may be most likely attributed to the 
particular pattern of mixing in the flow cell [42] or 
to a particular catalyst [35]. The effect of the 
catalyst concentration on the CL intensity in the 
luminol oxidation by iodine was also investigated 
(Fig. 31). The emission intensity was dependent on 

Co(I1) concentration. The final emission intensity 
chosen was lop5 mol 1 ’ of Co(II). 

3.5. FI experimental conditions 

In the FI system used. a peristaltic pump was 
the driving force for the sample, luminol, catalyst 
and washing solutions. Therefore the volume of 
the sample and reagents to be injected depended 
on the pumping rate of each solution and on the 
time of solenoid activation during the injection 
(Fig. IA). The flow rate of these solutions and 
therefore their mixed volumes in the flow-through 
cell were different. The pumping rate of each 
solution was varied between 2.0 and 8.0 ml min ~ ’ 
and the time of the solenoid activation during the 
injection was varied between 1 and 14 s. In either 
case, the CL emission increased on increasing the 
injected volume, and thereafter a slight decrease 
was observed (Fig. 3m). Higher signals were ob- 
served with pumping rates of 6.0 ml min ‘, 4.4 
ml min ~ ’ and 7.0 ml min ~ ’ of iodine, cobalt(I1) 
and luminol solutions, which allowed the injection 
of 0.30 ml, 0.22 ml and 0.36 ml of each solution, 
respectively. for a solenoid activation time of 3 s. 

3.6. Matrix matching of the standard solutions 

It is known that matrix components in the 
liquid phase affects the HS behaviour of volatile 
substances [43]. To evaluate the effect of the sam- 
ple matrix on HS analysis, a study was performed 
in which the recovery of the analyte from a 
pooled urine sample with “known” amounts of 
iodide and spiked with different amounts of this 
analyte was compared with those achieved from 
iodide solutions prepared in different matrixes 
and water. Because sodium, potassium and chlo- 
ride are major components of urine [44], different 
samples were prepared with and without sodium 
chloride and potassium chloride addition. Table 1 
shows that for samples prepared with 10 g l- ’ 
NaCl and 5 g 1~ ’ KC1 the recovery was close to 
100%. Also, the recovery of iodine added as io- 
dide to urine was good and varied between 94 and 
99%. It should be noted, however, that recovery 
problems were observed in two cases: the samples 
with high salt content (150 g 1. ’ NaCl and 70 g 



Table I 

Recovery studies in diKerent matrixes 

- 

Urine 

Spiked 

1.5 

1.5 

4.0 

Water 1.5 

2.5 

5.0 

10gNaCI+5gI ’ KC1 1.5 

2.5 

5.0 

15Ogl-‘NaClf70gI ’ KCI I.5 

2.5 

5.0 

a70/‘gI ‘I endogenous content. 

1 ’ KCl) and solutions prepared in water. While 
in the high salt content sample the recovery was 
high (about 150%), in the solution prepared with 
water the recovery was generally poor, frequently 
less than 78%. This salting-out effect of high 
concentrations of NaCl and KC1 may be due to 
the fact that inorganic salts are known to enhance 
the vaporization of volatile substances [43 -471. 
Whereas, the addition of physiological amounts 
of salt to the aqueous samples provided an ade- 
quate salting-out effect to produce good recovery 
values. In our case, the salting-out effect does not 
affect the results obtained for the determination of 
iodide in urine samples because the physiological 
levels of sodium, potassium and chloride in urine 
are about 3.85 g 1 ’ (from 0.9 to 5.0 g 1 ‘), 2.28 
g I- ’ (from 0.9 to 3.9 g I ‘) and 7.0 g 1 ’ (from 
3.8 to 9.0 g 1 ‘). respectively [45,48,49]. 

Table 2 shows the regression equations of the 
CL signal as a function of iodine concentration 
obtained from standard iodide solutions prepared 
with and without salt addition and from iodide- 
spiked urine samples. These data were obtained 
by running calibration curves using the method of 
standard additions with overlapping ranges. Each 
calibration set included five data points and was 
run at least three times. It was found that regard- 
less of the solution used for the iodide standard 

Matrix Iodide concentration (mg I ‘) Recovery 

(‘!A) 

Found 

I .56 99 

2.48 96 

1.90 94 

I.17 78 

I .93 77 

3.80 76 

1.55 IO? 

2.55 I02 

5.05 IO1 

2.22 I48 

3.73 149 

7.50 150 

preparation, the response was first order for the 
concentration range O-5 g 1 ’ iodine, and second 
order for the range lo-40 g I ’ II. The occur- 
rence of these first- and second-order processes 
are in agreement with results previously published 
by Seitz and Hercules [23.35]. Comparison of the 
slopes of the calibration graphs, obtained by 
preparing standard solutions in different media. 
further confirmed that there is a salting-out effect 
on sensitivity. When pure water and too high a 
concentration salting-out solutions were used, the 
response of the analyte was affected by the com- 
position of the matrix. However, there was virtu- 
ally no effect of the matrix on preparing standard 
solutions with a physiological salt content. As a 
consequence, the linear portion of the O-5 g 1 ’ 
iodine curve served as a calibration graph for 
standard and working solutions prepared in solu- 
tions containing 10 g I ’ and 5 g 1 ’ NaCl and 
KC], respectively. 

As the concentration of the analyte in the gas 
phase is proportional to the concentration of the 
undissociated part of the analyte in solution, salt- 
ing out by adding inorganic salts to an aqueous 
solution can produce an increase in sensitivity of 
over one-hundredfold in favorable cases. The liq- 
uid and gas phase concentrations are related to 
each other by the partition coefficient K (defined 
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Table 2 
Regression equations of the CL signal obtained in direrent matrixes 

Matrix Regression line’ r Iodine concentration range 

(mg I-‘) 

Water & = - 0.05 I + 15.92 X 0.9990 O-5 
ECL = - 10.843 + 3.745 X 0.9997 IO-40 

IO g I-’ NaClt5g I-’ KCI ErL = O.OlO+ 12.60 X 0.9997 O-5 
ErL = - 10.513 + 3.021 A’ 0.9998 IO-40 

150 g I-’ NaClf70 g I-’ KCI 15~ L = 0.038 + 7.940 X 0.9995 O-5 
EcL = -4.998 + 1.528 X 0.9990 IO -40 

Urine E,-, = 2.450+ 12.10 X 0.9986 O-5 
EcL = - 8.500 - 3.069 X 0.9998 IO-40 

d EcL and X indicate the CL emission intensity (peak height in millimeters) and analyte concentration in milligrams per litre. 
respectively. From 0 to 5 mg I- ’ iodine (Imm represents I mV) and from IO to 40 mg I-’ iodine (I mm represents IO mV), the 
recorder was operated at I mV and IO mV full scale, respectively. The experimental conditions were as specified in Table 3. 

as C,/C,; where C, and Co are the equilibrium 
concentrations of the analyte in the sample and in 
the gas phase of the HS vial, respectively) 
[47,50,51]. The partition coefficient is matrix-de- 

Table 3 

pendent and is unknown for most analyses; it 
must therefore be accounted for by calibrating the 
sampling system. In our particular case, K for 
solutions prepared in water, 10 g 1~ ’ NaCl + 5 g 

Optimized operating conditions for the determination of urine by HS-FL-CL 

Step Parameter Value 

Chemical 

HS 

Co(II) concentration 
pH luminol solution 
Luminol concentration 
Kl sorbent solution concentration 
NaCl concentration in the HS vial 
KCI concentration in the HS vial 
K,Cr,O, concentration in the HS vial 
(in I mol I ’ HCL) 

FI 

Urine sample volume 8 ml 
Thermostatting time 15 min 
Thermostat temperature 150 “C 
Pressurization time 3 min 
Agitation time 1.5 min 
Injection time 2.5 min 
Carrier gas pressure 24 psi 
High pressure valve 45 psi 
Volume of K,Cr?O, solution 1 ml 

Sample injection volume 
Luminol solution injection volume 
Cobalt (II) solution injection volume 
Peristaltic pump flow rate 
Time of injection 

0.30 ml 
0.36 ml 
0.22 ml 
6.4 ml min ’ 
3s 

1x10 ‘mall-’ 
12.0 
1.6x IO-‘mol 1-l 
O.I’%> (wsv) 
lOgI-’ 
5gl-’ 
560 mg I ’ 

425 nm 
2.0 nm 

Spectrophotometry Wavelength 
Slit width 
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IF’ KCI and 150 g ll’ NaClf7 g ll’ KC1 
solutions was 2.1, 2.6 and 4.1, respectively. Thus, 
the addition of salt to aqueous solutions contain- 
ing iodide augmented K, so that sensitivity is 
reduced (Table 2). The magnitude of this effect 
depends on the amount of salt added and K of 
the compound [47]. According to our results, as 
K < 10, the ratio of the volumes of the two 
phases is particularly significant [47]. Therefore, 
this further confirms that an adequate addition 
of NaCl and KC1 salts is important in order to 
minimize matrix effects. 

3.7. Analytical,figures of’ merit 

On the basis of the above results, calibration 
graphs were prepared from 0 to 5 mg l- ’ for 
iodine determination using the HS-FI-spectro- 
metric optimum conditions given in Table 3. The 
precision of this procedure was estimated by 
measuring the CL signal (peak height) from ten 
replicate analyses of 50 g 1-l and 200 g 1~ ’ 
iodine solutions by the recommended procedure; 
the corresponding relative standard deviations 
were 2.3% and 1.8%, respectively. The detection 
limit for iodine, defined as three times the stan- 
dard deviation of the peak height signals, was 10 
g 1-l I,. 

The accuracy of the proposed procedure was 
further tested by determining the iodide content 
in 12 urine samples of different “healthy” sub- 
jects by the iodine-catalyzed cerate-arsenite 
method with spectrometric detection [52] and the 
proposed procedure. Good agreement was ob- 
tained for all samples, which is an indication of 
satisfactory accuracy of the proposed method. 
By applying Student’s t test and the F test [53] 
to the results (for a confidence limit of 95%), it 
was found that there were no statistically signifi- 
cant differences between the means of both pop- 
ulations. 

From the experimental point of view, the HS 
sampling technique is very simple, and combined 
with the FI system provides precise and accurate 
results for the determination of iodide in urine. 
Also, the CL reaction used provided adequate 
sensitivity for the determination of low analyte 
contents in the samples under study and permit- 

ted sequential measurements with a low carry- 
over. 
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Abstract 

CP-93,393 is a drug candidate at Pfizer. Flow-injection analysis-mass spectrometry (FIA-MS) was used to 
monitor reaction completion for CP-93,393 reaction mixtures. FIA-MS provides essentially instantaneous results. is 
relatively simple to operate, and is a universal system that can be used to monitor any reaction as long as the product 
has a molecular weight that differs from the molecular weights of the reactants. The mass spectrometer for these 
studies employed atmospheric pressure chemical ionization. Samples were introduced into the mass spectrometer with 
a flowing stream of solvent. 

Keywords: CP-93.393: Flow-injection analysis; Mass spectrometry 

1. Introduction 

In-process control (IPC) assays are used in 
chemical and pharmaceutical production plants to 
assess the progress and completeness of chemical 
reactions. When a reaction has reached a prede- 
termined level of completion, the reaction can be 
stopped and the product is either isolated or the 
next step of the reaction can be started. Reaction 
completion is usually determined by measuring 
the disappearance of a starting material. 

An ideal IPC assay has the attributes summa- 
rized below. One of the most important features 

* Corresponding author. Fax: ( + I )860 441 5423. 
’ Presented at the Seventh International Conference on 

Flow Injection Analysis (ICFIA ‘95). held in Seattle, WA, 
USA, August l3--17. 1995. 

of an IPC is that it provides meaningful data in a 
timely fashion to the process chemist controlling 
the reaction. For example, if a reaction is com- 
plete in 2 h, but the data from the IPC is unavail- 
able for several hours. the product can be 
over-reacted, potentially producing unwanted side 
products. At the very least the time of the plant 
personnel is wasted, and the equipment in the 
production facility is unnecessarily occupied. An- 
other highly desirable feature of an IPC is that the 
methodology is universal in nature and can 
provide quantitative data for all steps of a chemi- 
cal synthesis. A methodology that could be used 
to monitor reaction completion of many different 
chemical syntheses (producing different final 
products) would be even more valuable. Other 
desirable attributes of IPC methodologies are that 
they are simple to operate and maintain, are 

0039-9140~96,‘$15.00 Cc 1996 Elsevier Science B.V. All rights reserved 
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Fig. 1. Synthetic pathway of CP-93,393. 

rugged, with a minimum amount of down-time, 
and are inexpensive in terms of both purchasing 
and maintainance. 

Methodologies that have been traditionally 
developed to monitor reaction completion incl- 
ude high performance liquid chromatography 
(HPLC), gas chromatography (GC), and thin 
layer chromatography (TLC). Recently, near- 
infrared spectroscopy (NIR) has been applied to 
monitor reaction completion [l]. All of the above 
techniques, however, have drawbacks for use in 
monitoring reaction completion. HPLC, GC, and 
TLC require time for equilibration and running 
samples. Universal chromatographic systems can 
be developed for a complete synthesis but these 
usually involve gradient elution (HPLC) or tem- 
perature programming (GC) to elute and resolve 
all process intermediates. Thus for universal chro- 
matographic systems, excessive times are often 
required to re-equilibrate the system between in- 
jections. HPLC is further limited to samples that 
have a chromophore, electrophore, or fluor- 
ophore. GC is limited to samples that are volatile 
and stable at elevated temperatures. TLC is inex- 
pensive, but has limited peak capacity, resolution, 

and sensitivity. In addition, the time required to 
equilibrate a TLC development chamber can be 
excessive and/or difficult to determine. Use of 
NIR for monitoring reaction completion has been 
limited because it measures bulk properties and is 
non-specific in nature. Additional problems are 
encountered with non-homogeneous (slurry-type) 
reaction mixtures. 

Although mass spectrometry may be the ideal 
technique to monitor reaction completion, the 
prohibitive cost of a mass spectrometer in the past 
has discouraged its use for this purpose. Cur- 
rently, several suppliers offer bench-top mass 
spectrometers that cost, on average, approxi- 
mately $200000. The resonable cost of these 
units, combined with the availablity of several soft 
ionization techniques, should significantly increase 
the use of mass spectrometry for reaction comple- 
tion monitoring. 

This paper describes the use of flow-injection 
analysis-mass spectrometry (FIA-MS) to deter- 
mine reaction completion of CP-93,393 reaction 
mixtures. FIA-MS has previously been used for 
the determination of arsenic and chloroform [2]. 
The synthetic pathway used to produce CP-93,393 
is shown in Fig. 1. 
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2. Experimental 

Before FIA-MS was evaluated for CP-93,393 
reaction mixtures, conventional methodologies 
were evaluated. For steps 1 and 2. an ion-pairing, 
reversed-phase LC system was developed. Con- 
ventional reversed-phase approaches failed to re- 
tain the very polar isocinchomeronic acid 
(compound 1). Disappearance of compounds 3 -6 
could not be monitored by LC because all of these 
compounds lack a chromophore, fluorophore or 
electrophore. Gas chromatographic conditions 
were successfully developed for compounds 335. 
but all GC experiments attempted for compound 
6 were hampered by tailing and irreproducible 
peak areas. Compound 7. which contained a chro- 
mophore, could be monitored by conventional 
reversed-phase LC. 

Samples were introduced into the mass spec- 
trometer with a flowing stream of solvent, 
pumped through an atmospheric pressure chemi- 
cal ionization (APCI) liquid chromatography- 
mass spectrometry (LCMS) interface. A 
schematic diagram of the APCI interface is shown 
in Fig. 2. Flow-injection analyses often involve 
on-line mixing of reagent and sample solutions. 
For FIA-MS, the reagent is simply the carrier 
solvent; a separately pumped reagent solution is 
not needed. When the sample enters the APCI ion 
source it is nebulized with nitrogen. A corona 
discharge needle promotes ionization, and the re- 
actions that occur in the ion source involve charge 
transfer among the ionized solvent molecules and 
the analytes. The ionized analytes enter the high- 
vacuum mass analyzer region through a small 
orifice. Skimmers and focusing lenses remove 
unionized species [3]. 

I 1 

Fig. 2. Schematic diagram of the APCILC MS interface 
(courtesy of Fisons Instruments). 

Lil 

Fig. 3. APCl mass spectrum of CP-93,393. 

Experiments have been done using either a 
Fisons Instruments Trio 2000 single quadrupole 
mass spectrometer or a Fisons Instruments Quat- 
tro triple quadrupole instrument. Both use identi- 
cal APCI LCMS interfaces. A Hewlett-Packard 
1050 quaternary HPLC system was used to mix 
and deliver solvents. The autoinjector provided 
reproducible injections of samples into the flowing 
solvent stream. An in-line UVvis detector 
recorded responses for UV-active components 
when appropriate. For these studies, the solvent 
used as a carrier and to dissolve samples was a 
50150 (VJ/V) mixture of acetonitrile and an aqueous 
0.05 M ammonium acetate solution. The ammo- 
nium acetate promoted ionization of compound I. 
The flow rate was 0.5 ml min ’ and the sample 
injection volume was 1 ;!l. 

3. Results and discussion 

The synthetic pathway used to produce CP- 
93.393 is shown in Fig. 1. Production steps 7 and 
8 have been ommitted from the scheme, as they 
are non-synthetic, i.e. they comprise an optical 
resolution and a salt change. 

The APCI mass spectrum of CP-93,393 is 
shown in Fig. 3. The abundant protonated molec- 
ular ion at nT:z 330. combined with negligible 
fragmentation, is indicative of an idea1 candidate 
for the application of FIA-MS to monitor reac- 
tion completion using APCI ionization. Although 
a small amount of fragmentation is acceptable, if 
the product has a fragment with the same m/z 
value as the protonated molecular ion of its pre- 
cursor, successful application of this technique 
becomes more difficult. For the same reason, 
FIA-MS cannot be used to determine enan- 
tiomeric purity or the completeness of a reaction 



Compound 2. r.m.m 195 daltons 

Compound 5. r.m.m. 212 daltons 

Compound 4. r.m.m. 240 daltons 

Compound 7. r.m.m. 248 dallons 

Fig. 4. APCI mass spectra of compounds I 7 

wherein the reactant and product have the same 
relative molecular masses. 

The mass spectra of compounds l-7 are shown 
in Fig. 4. With the exception of compound 4, the 
mass spectrum of each intermediate shows an 
abundant protonated molecular ion with minimal 
fragmentation. With compound 4, however, a 
fragment of significant abundance at m/z 202 
appears, and is consistent with the protonated 
molecular ion of compound 3, its synthetic pre- 

cursor. Under these conditions, it would be 
difficult to deconvolute the percentage of the ion 
at m/z 202 that originated from residual (unre- 
acted) compound 3. This could be accomplished 
through a standard addition approach, or by 
identifying conditions that would minimize frag- 
mentation of compound 4. Careful selection of 
the mass spectrometer lens parameters and adjust- 
ment of the solvent flow rate into the LC-MS 
interface has minimized this interference for the 



Fig. 5. Mass spectra of I’!,, (top) and 5”,0 (bottom) spikes of 
compound 6 in compound 7. 

present. Use of softer ionization approaches such 
as electrospray may eliminate this interference. 
Attempts using this latter possibility have not yet 
been explored. 

To demonstrate the feasibility of this technique, 
synthetic reaction mixtures of step 6 were pre- 
pared. These samples contained the product (com- 
pound 7) and 1. 2 and 5% spikes of compound 6 
(relative to compound 7). Traditional methodolo- 
gies were previously unsatisfactory for monitoring 
this step. Fig. 5 illustrates the mass spectra of 
mixtures containing l’%i and 5% spikes of com- 
pound 6 with respect to compound 7. The peak at 
tn,‘: 171 corresponds to the residual starting mate- 
rial. These spectra represent a reaction mixture 
near completion; a reaction mixture at an earlier 
time frame would have a mass spectrum contain- 

Table I 
Quantitative data of compound 6 

Concentration (mg ml ‘) Relative concentration 
of compound 6 (“<a) 

0.05 I 
0.10 2 
0.25 5 

ing a larger peak at ~7:‘; 171 relative to ml,- 249, 
the protonated molecular ion of compound 7, the 
product. 

Quantitative data for I’%, 2% and WI spikes of 
compound 6 are shown in Table 1. Target levels 
of residual starting material are typically l-2%. If 
the level of starting material is below the target 
level, the reaction can be stopped. The data in 
Table 1 illustrate that lo/;1 and 2% levels of com- 
pound 6 are readily distinguishable and that the 
precision of the method is adequate to serve as a 
limits test. Another point worth noting is that at 
the two higher concentrations, the response of 
compound 6 is slightly lower when present as a 
mixed standard with compound 7. This quenching 
may be attributed to a number of sources includ- 
ing the relative proton affinity of each species in 
the ion source. For quantitative purposes, 
quenching can be accommodated by matrix 
matching wherein the standard of the minor com- 
ponent is prepared in a solution containing the 
reaction product. The slightly higher response of 
compound 6 in the presence of compound 7 at the 
1% level may be attributable to trace levels of 
compound 6 in the standard of compound 7 used 
to prepare the solution. 

Responses of the mass spectrometer to six repli- 
cate injections of a 2% spike of compound 6 in the 
presence of compound 7 using specific ion moni- 
toring at m,/: 249 (product) and 171 (reactant) are 
illustrated in Fig. 6. The bottom trace in Fig. 6 
was generated by digitally smoothing the M/Z 171 
selected ion trace using a moving average smooth- 
ing function-a feature of the mass spectrometer 
data system. The data listed in Table 1 were 
obtained after smoothing. The peaks at m/z 249 
are off-scale and could not be used for quantita- 

Peak area (‘% RSD”) Peak area (‘!A RSD”) 
of compound 6 of compound 6h 

51000 (14) 58000 (15) 

I I5 000 (9) I12000 (7) 
179000 (7) 255000 (5) 

“ ‘!A RSD = percent relative standard deviation. II = 6. 
’ These solutions contanied compound 7. the product of the reaction 
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Scan APt 
249 
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Fig. 6. Response of the mass spectrometer to six replicate injections of a 2% spike of compound 6 in the presence of compound 7 
using specific ion monitoring at II?.‘: 249 (product. top) and 171 (reactant. middle). The bottom trace was generated by smoothing 
the m/z 171 (middle) trace. The numbers at the apex of each peak represent the time in minutes. 

tive purposes. These are typical data and illustrate 
the reproducibility obtainable with this technique. 

4. Conclusions 

The feasibility of using FIA-MS for monitoring 
reaction completion has been demonstrated using 
the CP-93,393 synthetic pathway as a test case. 
Re-examination of the introduction reveals that 
FIA-MS does indeed have most of the desirable 
attributes of the methodology targeted for use in 
an IPC laboratory. One injection per minute is 

clearly achievable (Fig. 6) and quantitative data 
can be provided in a matter of minutes. No time 
is needed for re-equilibration of the chromato- 
graphic system. Although the monitoring of resid- 
ual levels of compound 3 with this technique may 
be dificult. all other synthetic steps in the CP- 
93.393 synthesis are amenable to FIA-MS analy- 
sis and this technique can be considered to be a 
universal system, albeit with a few exceptions. In 
addition, preliminary work on other drug candi- 
dates has indicated that FIA-MS will be widely 
applicable. Since most of the bench-top mass spec- 
trometers use Windows-based PC controls, 
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with a minimum amount of training. IPC labora- 
tories staffed with trained personnel should easily 
be able to adopt and use FIA-MS to monitor 
reaction completion. 

In terms of ruggedness, a mass spectrometer 
will potentially have more problems than tradi- 
tional methodologies used to monitor reaction 
completion. These instruments require periodic 
maintenance and must be operated by trained 
personnel. The vacuum pumps associated with 
mass spectrometers also require periodic mainte- 
nance. If there is a problem with these instru- 
ments, a mass spectrometer may require a longer 
down-time before it is operational again. 

The cost of a bench-top mass spectrometer is 
roughly 3-4 times that of an LC system. If a 
single FIA-MS system can replace several LC 
and/or GC systems, this approach becomes com- 
petitive economically. In addition, the expense 

associated with developing chromatographic sys- 
tems is saved. 

Application of FIA-MS to the monitoring of 
reaction completion has several distinct advan- 
tages over traditional methodologies. It is antici- 
pated that this technique will be adopted by IPC 
laboratories to complement existing equipment 
and that its use will increase as the cost of mass 
spectrometers decreases and the skill of IPC per- 
sonnel increases. 
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Abstract 

A simple flow-injection (FI) spectrofluorimetric method for the assay of total volatile aldehydes in auto exhaust gas 
and emission gas from thermal degradation was developed. Aldehydes, such as formaldehyde, acetaldehyde, 
propionaldehyde and n-butyraldehyde, reacted with cyclohexane-I .3-dione (CHD) to form more strongly fluorescent 
compounds. A two-channel flow system was assembled. Distilled water and 0.02% CHD were delivered at 0.75 ml 
min ‘. The optimum conditions were pH 5 (2.2 M CH,COONH,&H,COOH buffer solution), reaction temperature 
70°C reaction coil length 0.5 mm id. x 7 m, cooling coil length 2 m. sample size 60 jtl, excitation and emission 
wavelengths, 376 nm and 452 nm. Aldehydes in sample gas (10 1) were collected by passing the gas at a flow rate of 
0.5 1 min ’ through two impingers connected in series. 10 ml of methanol was used as an absorbent and diluted 
sample solution was injected into the carrier stream. The calibration graph was linear in the range lOO- 1000 ppb. The 
detection limit was 30 ppb and a sampling frequency of 30 h ’ was attained. Relative standard deviation for 10 
standard formaldehyde solutions (500 ppb) was 1.5’!% This rapid and simple FI method was applied to the 
determination of the total amount of aldehydes, calculated as formaldehyde, in auto exhaust gas and emission gas 
from the thermal degradation of polymers. 

The method is useful for monitoring aldehyde emissions and investigating the removal effect of aldehydes from 
various sources. 

Key\4vrrls: Fluorimetric flow-injection analysis; Aldehydes; Auto exhaust gas: Emission gas; Cyclohexane-1,3-dione 

1. Introduction 

Aldehydes are present in the exhaust gases of- 

* Corresponding author. Fax: ( + 8l)S65 4X 0076. E-mail: 
tadsakai@aitech.ac.jp 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA ‘95). held in Seattle, WA, 
USA, August 13-17, 1995. 

gasoline-powered vehicles and emission gases 
from thermal degradation of polymers and other 
organic compounds. Along with hydrocarbons, 
aldehydes are important air pollutants, in that 
they influence human health and plant growth [l]. 

0039.9140,‘96r$l5.00 lc 1996 Elsevier Science B.V. All rights reserved 
SSDI 0039-9 140(95)0 I8 17-4 
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Formaldehyde in particular is a well-known eye 
irritant and suspected carcinogen and inhibits ac- 
tive sites of protein. Acetaldehyde also shows 
a strong chemical activity. Methods for deter- 
mining trace amounts of formaldehyde in 
atmospheric air and beverages have been repor- 
ted [2-61. Some of the methods mentioned in 
the literature have been developed as contin- 
uous flow-injection (FI) methods for rapid or 
selective determination of formaldehyde. High 
performance liquid chromatographic (HPLC) sep- 
aration of aliphatic aldehydes such as formalde- 
hyde, acetaldehyde, propionaldehyde and 
heptylaldehyde, has also been proposed [7] and 
the present authors have reported capillary gas 
chromatography (GC) with a flame thermionic 
detector for the selective determination of alde- 
hydes in exhaust gas [S]. Although each aldehyde 
can be successfully analysed by FI, HPLC and 
GC, these methods have some drawbacks, i.e. a 
long reaction time, tedious sample pre-treatment 
and complicated derivatization. 

Although Suzuki [7] has reported that aliphatic 
aldehydes react with cyclohexane- 1,3-dione 
(CHD) to form fluorecent products, the reaction 
was time-consuming and tedious. 

In this study, different analytical conditions 
with CHD were optimized for the rapid FI injec- 
tion determination of volatile aldehydes in several 
kinds of gases, although individual aldehydes can- 
not be determined. Moreover, this system is sim- 
ply and easily assembled. 

2. Experimental 

2.1. Apparatus 

A combined sampling device (Model HS-6. Ki- 
moto Electric, Osaka) was used for sampling 
gases including aldehydes. The volume of the 
impinger used was 30 ml and the flow rate was 0.5 
1 min’. 

A Hitachi Model F-2000 spectrofluorimeter 
(Tokyo) was used for recording fluorescence spec- 
tra and measuring their intensity. 

A Taiyo Mini 80 thermostat was used for con- 
trolling the derivatization temperature. 

2.2. Reagents 

2.2.1. CHD 
20 g of ammonium acetate and 0.25 g of CHD 

(Tokyo Kasei Kogyo, Tokyo) were dissolved in 
200 ml of distilled water containing 10 ml of 
acetic acid. 

2.2.2. Formaldehyde standard solution 
2.86 g of formaldehyde (35% Katayama Ka- 

gaku, Osaka) was dissolved in 100 ml of methanol 
to produce a 1% (w/v) methanolic solution. The 
stock solution was standardized by titrimetry [9]. 

2.2.3. Other aldehyde standard solutions 
1 g of acetaldehyde (Merck, 99.5%) propi- 

onaldehyde or n-butyraldehyde was dissolved in 
100 ml of methanol to prepare 1% solution. The 
stock solution was diluted to an appropriate con- 
centration as required. 

2.3. General procedure (batch\iise method) 

Mix 0.1-0.4 ml of 0.0001% of the standard 
aldehyde solution and 1 ml of 0.25% CHD in a 10 
ml calibrated flask and dilute to the mark with 
distilled water. Allow to react for 30 min at 50°C 
in the thermostatted bath. After cooling, measure 
the relative fluorescence intensity at excitation and 
emission wavelengths of 375 nm and 452 nm 
respectively. 

Fig. 1, Flow-injection manifold for aldehyde determination: 
CS, carrier solution (H,O): R. 0.02% CHD solution; P, dou- 
ble-plunger micro-pump; S, sample injection (60 ~1); RC, 
reaction coil (0.5 mm x 7 m); CC, cooling coil (0.5 mm i.d. x 2 
m); TB, thermostatted bath; TB,, 70°C; TB2. 10°C; D, detec- 
tor (fluorescence spectrophotometer); BPC. back pressure coil 
(0.25 mm id. x 2 m); flow rate 0.75 ml min- ‘; excitation 
wavelength, 376 nm: emission wavelength, 452 nm. 
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2.4. FI procrdurr 

The manifold of the FI system used is shown 
in Fig. 1. A double plunger micro-pump (Sanuki 
Kogyo Model DM2U-1026, Tokyo) is used 
to pump the solutions. Distilled water (car- 
rier) and the reagent solution of 0.020/;1 CHD 
in ammonium acetate-acetic acid buffer (pH 5) 
are delivered at a flow rate of 0.75 ml mini ‘. 
The samples (60 ~1) containing up to 1 ppm 
aldehyde, are injected into the carrier stream 
by means of a six-way injection valve to which 
a volume control loop is attached. The sample 
and reagent are mixed in a 7 m reaction 
coil placed in the thermostatted bath (70°C). 
After cooling the mixture (cooling coil, 2 m long). 
the relative fluorescence intensity of products 
is monitored by a spectrofluorimetric detector 
(Soma Optics Model S-3350, Tokyo) with 
a micro-flow cell (15 /II). A Sekonic SS- 
250F flat-bed recorder (Tokyo) is used. The 
PTFE tubing is 0.5 mm i.d. except for the 
back-pressure coil which is 0.25 mm i.d. 
(2 m long). 

2.5. Coktion of sanipk gusrs 

The auto exhaust gas and emission gas from 
thermal degradation of polymer (polybutyl- 
methacrylate) were collected by drawing the 
gas through 10 ml of absorbent solution 
(methanol) in two impingers at a rate of 0.5 1 
min ’ for 20 min. The solution in the first im- 
pinger was diluted lo- 1000 fold with distilled 
water before injection. 

3. Results and discussion 

3.1. Fluorrscmrr spectru 

Aldehydes, such as formaldehyde, acetalde- 
hyde, propionaldehyde and n -butyraldehyde, 
reacted with CHD to form the decahydroacridine- 
l&dione derivatives in the presence of ammo- 
nium acetate. 

The reaction is as follows: 

dione derivatives in the presence of ammonium acetate. 

The reaction is as follows 

The derivatives gave strong fluorescence. The 
excitation wavelength was 376 nm and the emis- 
sion wavelength was 452 nm. 

3.2. Butch~isr stuch~ 

The reaction rate between each aldehyde and 
CHD was very slow and at room temperature the 
derivatives were not produced. 

The effect of reaction temperature was investi- 
gated to accelerate the rate for 0.02 ppm of each 
aldehyde. As shown in Fig. 2, fluorescent deriva- 
tives did not form below 40°C. However, the 
relative fluorescence intensity was enhanced with 
increasing temperature. In the range 60-70°C a 
considerable intensity enhancement was observed. 
Although higher temperature was favorable for 
sensitivity, the intensity of the background level 
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Fig. 2. Etlect of reaction temperature in the batchwise method: 
aldehydes. 0.02 ppm; reagent, 0.025% CHD: butler. 2.2 M 
CH,COONH,-CH,COOH (pH 5); reaction time. 30 min: 
cooling temperature. 10°C: cooling time, 5 min; excitation 
wavelength. 376 nm; emission wavelength, 452 nm. (1) 
Formaldehyde; (2) acetaldehyde; (3) propionaldehyde; (4) n- 
butyraldehyde; (5) blank. 
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Fig. 3. Effect of pH in the batchwise method: aldehydes, 0.02 
ppm; reagent, 0.025% CHD; reaction temperature, 50°C: reac- 
tion time, 30 min; cooling temperature, 10 “C; cooling time. 5 
min; excitation wavelength, 376 nm; emission wavelength. 452 
nm. (1) Formaldehyde; (2) acetaldehyde: (3) propionaldehyde: 
(4) n-butyraldehyde; (5) blank. 

increased and also it was difficult to maintain 
a constant higher temperature. In the batch- 
wise work, 50°C was chosen and the reaction time 
was fixed at 30 min. The effect of pH on 
the formation of derivatives was investigated 
in the range pH 336. The result is shown in 
Fig. 3. The derivatives were not formed below 
pH 4. At pH 5, the strongest fluorescence inten- 
sity was obtained, while at pH 6, the intensity 
decreased. It is assumed that an excess of elec- 
trons from the deprotonation of the ring nitrogen 
proton would inhibit fluorescence intensity. The 
effect of CHD concentration was investigated 
in the range 0.00550.05%. Although the fluores- 
cence intensity increased with increasing reagent 
concentration, the background level became 
excessively large. In this work, 0.025% CHD was 
used. 

3.3. FI stud, 

Although the conditions for the assay of 
volatile aldehydes by the batchwise method were 
determined, the method lacked reproducibility 
and rapidity and the background level was exces- 
sively large. 

In unstable reaction systems such as this, the 
introduction of a FI method is favorable. There- 
fore, in order to determine total aldehydes more 
rapidly and simply than with the batchwise 
method, the FI system with spectrofluorimetric 
detection, as shown in Fig. 1, was investigated. 

3.4. Eflkct of reagent concentration 

The effect of the CHD concentration on 
fluorescence was studied for 1 ppm formaldehyde. 
A 2.2 M CH,COONH,PCH,COOH solution 
buffered at pH 5 was used for preparing the 
reagent solution. The concentration of CHD was 
varied from 0.005 to 0.025%. The peak height 
increased with increasing reagent concentration. 
However, in this work, 0.02% CHD was used to 
obtain an appropriate peak signal and to main- 
tain a lower background intensity. 

3.5. E#&-t of temperature on the formation oj 
fluorescence dericatiaes 

Although 50°C was chosen in the batchwise 
method because of the ease of controlling temper- 
ature, the formation of derivatives was incomplete 
at 50-60°C in the FI system. Above 7O”C, strong 
signals were obtained. For sensitive determination 
of aldehydes, 75°C was preferable. However 70°C 
was chosen to obtain constant peak heights. Be- 
cause slight variations in temperature gave a 
larger error, reproducibility became poorer above 
70°C. 

3.6. EfSect of’jiow rute und injection volume 

The flow rate of the reagent solution was varied 
from 0.5 to 1 ml min --I (Fig. 4). When the flow 
rate increased, the peak height decreased because 
the reaction rate was low and the formation of 
fluorescence derivatives at the faster flow rate was 
insufficient. A flow rate of 0.75 ml min ’ was 
used. 

The injection volume was varied in the range 
20-100 ~1. A larger volume was suitable for 
greater sensitivity. However, a volume of 60 ,~l 
was used for rapid determination. 
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3.7. Efkct of the rraction coil and cooling coil 
lengths 

The effect of the length of the reaction coil was 
examined. The coil length was varied within the 
range 1-7 m. With lengths greater than 4 m, the 
peak height greatly increased. For good sensitivity 
without sacrificing sampling frequency, a 7 m 
reaction coil length was used. After reaction at 
70°C. it was necessary to cool the mixture in the 
cooling bath to obtain reproducible signals. The 
effect of the length of the cooling coil was studied 
in the range 1-3 m. In general, an increase in coil 
length gives a lower peak height because of dis- 
persion, but in this case the peak height increased 
slightly with increase in length. It is assumed that 
the reaction rate was low. Accordingly, a 2 m 
cooling coil was used. 

3.8. Cctlibration gruphs 

Fig. 5 shows calibration graphs for aldehyde 
determinations in the range 100-400 ppb at 7O”C, 
but the linearities were good up to 1000 ppb 
aldehydes when 60 ~1 portions of the standard 
solutions were injected. The slopes for both 

0.4 0.5 0.6 0.7 0.6 0.9 1.0 1.1 

mllmin 

Fig. 4. Etfect of flow3 rate in the FI method: formaldehyde, 1 
ppm; sample size, 60 jrl; reagent, O.OZ’%, CHD: buffer, 2.2 M 
CH,COONH,-CH$OOH (pH 5); reaction temperature, 
70°C; raction coil, 0.5 mm i.d. x 7 m; cooling temperature, 
10°C; cooling coil. 0.5 mm i.d. x 2 m: excitation wavelength, 
376 nm: emission wavelength, 452 nm. 

0 100 200 300 400 500 

ppb 

Fig. 5. Calibration graphs for aldehyde derivatives with CHD: 
sample size, 60 /II; reagent. 0.02% CHD; buffer. 2.2 M 
CH,COONH,--CH,COOH (pH 5): reaction temperature, 
70°C: reaction coil, 0.5 mm i.d. x 7 m; cooling temperature. 
10°C: cooling coil, 0.5 mm i.d. x 2 m; flow rate, 0.75 ml 

min- ‘; excitation wavelength. 376 nm; emission wavelength, 
452 nm. (I) Formaldehyde: (2) acetaldehyde; (3) propionalde- 
hyde: (4) n-butyraldehyde. 

formaldehyde and acetaldehyde were large com- 
pared to those of propionladehyde and n-bu- 
tyraldehyde. Since formaldehyde is a represent- 
ative compound for the aldehydes and the sensi- 
tivity was best in its calibration graphs, the 
amount of aldehydes in the gases was calculated 
as formaldehyde in this study. Fig. 6 shows the 
flow signals for formaldehyde standard solution 
and diluted sample solutions in duplicate. The 
relative standard deviation was 1.5% for 10 runs 
with 500 ppb formaldehyde solution. The sample 
frequency was 30 samples hP ’ in the proposed 
manifold. Although the FI method does not have 
a separating function for each aldehyde, it is 
acceptable for determining the total amount of 
these volatile aldehydes. 

3.9. Deteminution of totcd uldehydes in uuto 
rxhaust gus and emission gas jionz therrnal 
dcgrudution 

In previous reports [5-Q trace amounts of 
formaldehyde in atmospheric air and beverages 
and of aliphatic aldehydes such as formaldehyde, 
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acetaldehyde and butyraldehyde have been deter- 
mined sensitively and selectively. These methods 
are useful only for formaldehyde determination, 
however, and lack rapidity. In studies of atmo- 
spheric pollutants, however, it is very important 
to determine and monitor the total amount of 
volatile aldehydes, which are important environ- 
mental pollutants, as well as hydrocarbons, ex- 
hausted in air. The proposed FI method was 
applied to the determination of the total amount 
of volatile aldehydes in several kinds of gases 
exhausted under different combustion conditions. 
Up to 10 equivalents of ketones such as acetone 
and 2-butanone did not interfere with the determi- 
nation of 1 ppm formaldehyde. The results ob- 
tained are shown in Table 1. The collection 
efficiency of the sample gas in the first impinger 
was 99.8”/0. In the case of the thermal degradation 
emission gas of polybutylmethacrylate (PBM), it 
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Fig. 6. Flow signals for formaldehyde standard and sample 
solutions: sample size. 60 ,uI; reagent, 0.02% CHD: butfer. 2.2 
M CH,COONH,--CH,COOH (pH 5); reaction temperature. 
70°C; reaction coil, 0.5 mm i.d. x 7 m; cooling temperature, 
10°C; cooling coil, 0.5 mm i.d. x 2 m; flow rate. 0.75 ml 
min ‘; excitation wavelength, 376 nm; emission wavelength, 
452 nm. 1 Formaldehyde: (I) 0.2 ppm; (2) 0.4 ppm; (3) 0.6 
ppm; (4) 0.8 ppm; (5) I ppm. (S,) Auto exhaust A: (S,) auto 
exhaust B; (S,) emission gas from PBM at 300°C: (S,) 500°C: 
(SJ 700°C. 

Table I 
Analytical results of total aldehydes calculated as formalde- 
hyde in various gas samples 

Samples Found” RSD (‘XI) 

Auto exhaust A 
Auto exhaust B 
Emission gas from 

4.4 ppm 
10.5 ppm 

1.23 
1.74 

thermal degrada- 
tion of PBM 

I 00°C N.D. 
300°C 350 ppm 
500°C 716 ppm 
700°C 332 ppm 

0.77 
2.22 
2.86 

* Average of 3 determinations 
h Polybutylmethacrylate. 
N.D.. not detected. 

was found that the amount of aldehydes evolved 
peaked at 500°C. Also, it was possible to monitor 
the amount of aldehydes evolved at different 
engine speeds. Consequently, it is possible to 
apply the FI method for evaluating an engine 
function and for investigating thermal degrada- 
tion conditions of polymers and other organic 
compounds. 

4. Conclusion 

Volatile aldehydes. such as formaldehyde and 
acetaldehyde, are exhausted from gasoline-pow- 
ered vehicles and produced by thermal degrada- 
tion of various polymers and thereby become 
important air pollutants. It is very important to 
monitor and decrease the amounts of these ex- 
haust gases to preserve our atmospheric environ- 
ment. Although this system does not have a 
separating function for the analysis of each alde- 
hyde, the FI method proposed here can be appli- 
cable for the rapid and reproducible 
determination of total volatile aldehydes. 

References 

[I] J.A. Swenberg, W.D. Kerns, R.J. Michell, E.J. &alla and 
K.L. Pavkov. Cancer Res., 40 (1980) 3398. 

[2] S. Steinberg and I.R. Kaplan, Int. J. Anal. Chem., I8 
(1984) 253. 



T. Sukui CI 01. T&m 33 (1996) 8% 865 865 

[3] M. Koga. M. Murata. M. Maeda and M. Takagi, Bunseki 
Kagaku, 43 (1994) 1027. 

[4] R. Goebel, A. Krug and R. Kellner, Fresenius’ J. Anal. 
Chem.. 347 (1993) 491. 

[5] H. Tsuchiya, S. Ohtani, K. Yamada, M. Akagiri. N. Takagi 
and M. Sato. Analyst, I I9 (1994) 1413. 

[6] Y. Maeda. X. Hu. S. Itou. M. Kitano. N. Takenaka. 
H. Bandow and M. Munemorr, Analyst. I I9 (1994) 2237. 

[7] Y. Suzukt. Bunseki Kagaku. 34 (1984) 314. 
[8] H. Nishikawa. T. Hayakawa and T. Sakai. Bunseki Ka- 

gaku. 36 (1986) 381. 
[9] Japan Pharmaceutical Society (Eds. ). Etsei Shiken-hou 

Chuukai, (Standard Methods of Analysis for Hygienic 
Chemists - with commentary), Kinbara Publishing. Tokyo. 

1990. 



ELSEVIER Talanta 43 (lYY6) 867 880 

Talanta 

Determination of ultra-trace amounts of arsenic(II1) by 
flow-injection hydride generation atomic absorption 

spectrometry with on-line preconcentration by 
coprecipitation with lanthanum hydroxide 

or hafnium hydroxide’ 

Steffen Nielsen, Jens J. Sloth, Elo H. Hansen* 

Received 17 October 1995: revised 28 November 19Y5: accepted 28 November I995 

Abstract 

A time-based flow-injection (FI) procedure for the determination of ultra-trace amounts of inorganic arsenic(II1) is 
described, which combines hydride generation atomic absorption spectrometry (HG-AAS) with on-line preconcentra- 
tion of the analyte by inorganic coprecipitationPdissolution in a filterless knotted Microline reactor. The sample and 
coprecipitating agent are mixed on-line and merged with an ammonium buiYer solution. which promotes a 
controllable and quantitative collection of the generated hydroxide on the inner walls of the knotted reactor 
incorporated into the FI-HG-AAS system. Subsequently the precipitate is eluted with 1 mol 1 ’ hydrochloric acid. 
allowing ensuing determination of the analyte via hydride generation. The preconcentration of As(III) was tested by 
coprecipitation with two different inorganic coprecipitating agents namely La(lll) and Hf(IV). It was shown that 
As(I11) is more effectively collected by lanthanum hydroxide than by hafnium hydroxide, the sensiti\,ity achieved by 
the former being : 25% better. With optimal experimental conditions and with a sample consumption of 6.7 ml per 
assay, an enrichment factor of 32 was obtained at a sample frequency of 33 samples h ‘, The limit of detection (30) 
was 0.003 /~g 1~ ’ and the precision (relative standard deviation) was l.CUI (n = I I) at the 0.1 erg 1 ’ level. 

K~~~~1,orrl.s: On-line preconcentration by coprecipitationPdissolution; Coprecipitation with hydroxides of lanthanum 
and hafnium: On-line addition of the coprecipitant; Flow-injection hydride generation atomic spectrometry; Ar- 
senic(II1) assay 

1. Introduction 

*Corresponding author. Fax: + 45 45 88 31 36: c-mail: 

ehh(+kemi.dtu.dk 

’ Presented at the Seventh International Conference on 

Flow Injection analysis (ICFA’95). held in Seattle. WA. USA. 

August I3 17, 1995. 

In 1994. Tao and Hansen [l] for the first time 
introduced a procedure for on-line flow-injection 
(FI) preconcentration, in which ultra-trace 
amounts of the analyte (Se(IV)) were copre- 
cipitated with an inorganic coprecipitant, i.e. 

0039-9140 96 $15.00 c 1996 Elsevier Science B.V. All rights rexrled 
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La(OH),. The preconcentration procedure com- 
bined on-line coprecipitationdissolution in a 
knotted Microline reactor and hydride genera- 
tion (HG) of the dissolved concentrate, the 
detection being achieved by AAS (quartz tube). 
The elegant aspect of this procedure is that the 
inorganic precipitate is easily dissolved in dilute 
acid (1 mol ll’ HCI), which is also the 
required medium for the ensuing hydride gener- 
ation reaction. With such an approach an ordi- 
nary FI-HG-AAS system without preconcen- 
tration is readily extendable to a time-based 
FI-HG-AAS system with on-line preconcentra- 
tion. In their procedure, Tao and Hansen 
added the coprecipitating agent off-line by 
spiking each sample before the samples 
were introduced into the FI system. Recently, 
this procedure has been improved by facilitat- 
ing on-line mixing of sample and coprecipitat- 
ing agent [2]. As was shown, the results 
with on-line addition of the coprecipitant 
yielded similar results to those with off-line 
addition. However, the more automated FI sys- 
tem is obviously preferable as the sample 
manipulations are significantly reduced. As 
knowledge of how to optimally control and ex- 
ploit the method of on-line preconcentration 
by coprecipitationdissolution is still insuffi- 
cient, the present methodological study is there- 
fore devoted to obtaining a better under- 
standing of the processes involved, thereby al- 
lowing identification of the significant opera- 
tional parameters and devising means for their 
optimization. For the very same reasons. 
aqueous standards were applied throughout the 
experimental work. 

The optimization procedure is illustrated 
for the determination of ultra-trace amounts of 
As(II1) by coprecipitation with two diff- 
erent agents, namely La(II1) and Hf(IVj. Ac- 
cording to the literature [3,4] these copre-cipi- 
tants are interesting as they have both been 
shown to coprecipitate As(II1) quantitatively in 
batch methods. Further, the hydroxides of 
these coprecipitants, La(OH), and Hf(OH),, are 
readily dissolved in dilute acid. 

2. Experimental 

2.1. Appumtus 

A Perkin-Elmer Model 2100 atomic absorption 
spectrometer was used in combination with a 
Perkin-Elmer Model FIAS-400 flow-injection unit 
(equipped with two individually controlled peri- 
staltic pumps and a five-port FI valve), with hy- 
dride generation accessories (the gas-liquid 
separator used in the chemifold was a Perkin- 
Elmer W-configuration unit). An arsenic hollow 
cathode lamp (S. & J. Juniper. Harlow, UK) was 
used at a wavelength of 193.7 nm with a spectral 
bandpass of 0.7 nm, and was operated at 9 mA. 
The temperature of the quartz atomizer cell was 
set at 900 “C. Special care was taken to make the 
conduit between the outlet of the gas-liquid sepa- 
rator and the quartz atomizer cell as short as 
possible ( = 6 cm). The filterless knotted reactor 
precipitate collectors were made from 0.5 mm id., 
1.8 mm o.d. Microline tubing (cross-linked ethyl 
vinyl acetate) by tying interlaced knots (the opti- 
mal length of the knotted reactor, L,,, was 200 
cm). The knots were made with approximately 5 
mm diameter loops. All the other reaction coils, 
connections and conduits in the FI manifold (Fig. 
2) consisted of 0.5 mm i.d. PTFE (polyte- 
trafluoroethylene) tubing. The output signals were 
processed with a time constant of 0.5 s in the 
peak-height mode and recordings from the graph- 
ics screen were printed out by an Epson Model 
FX-850 printer. The actuation times of the injec- 
tor valve and the two pumps were programmed 
with the use of the FI software of the Model 2100 
atomic absorption spectrometer. 

2.2. Reagents und standurd solutions 

All the reagents were of analytical-reagent 
grade, and distilled water was used throughout. 
Sodium tetrahydroborate solution (1.50% (m/v) in 
0.05 mol 1~ ’ sodium hydroxide) was prepared 
fresh daily. Lanthanum nitrate solution (0.50% 
(m/v)) was made by dissolving 0.6662 g of lan- 
thanum nitrate hexahydrate in 100 ml of distilled 
water. Hf(IV) solution (1.00%) was prepared by 
dissolution of 1.4869 g of HfOCl, in 100 ml of 
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Fig. I. (a) Schematic diagram of the time-based FI -HG-AAS system for on-line coprecipitation-dissolution as shown in the loading 
(precipitating) stage. The pumping rates depicted are the eventually optimzed values: S, sample solution; CA, coprecipitation agent; 
QTA, quartz cell; Ar, argon; MC, mixing coil; RC, reaction coil: KR, filterless knotted reactor; SP, gas-liquid separator: PI and 
P?, peristaltic pumps; V. valve: W, waste. (b) Identification of the operational parameters which influence the coprecipitation 
procedure. p. C and L refer to flow rates, concentrations and lengths, respectively. 

distilled water. The buffer solution, made freshly 
every day, was in all instances 0.3 mol 1~~ ’ ammo- 
nium chloride adjusted to the appropriate pH by 
addition of 0.3 mol I ~ ’ ammonia. Standard solu- 
tions of As(III) for calibration were prepared by 
three-stage aqueous dilutions of a 1000 mg lP ’ 
stock solution, which was made by dissolving 
1.724 g of NaAsO, in 25 ml of 20% (w/v) potas- 
sium hydroxide, followed by neutralization with 
20% (v/v) sulphuric acid using phenolpthalein as 
indicator, finally making the sample solution up 
to 1000 ml with 1% (v/v) sulphuric acid. 

All glassware was soaked for at least 24 h in 1 
M nitric acid, and finally rinsed in distilled water 
before use. 

2.3. Oprrationd procedurr 

The time-based FI-HG-AAS system with on- 
line addition of the coprecipitant, La(III), is 
shown in Figs. 1 and 2, depicting the optimized 
experimental parameters. In the precipitation pro- 
cedure (Fig. la), the sample (S), hydrochloric acid 
and sodium tetrahydroborate solutions were in- 
troduced by pump 1, and the buffer and coprecip- 

itating agent (CA; either La(III) or Hf(IV)) were 
delivered via pump 2. During the precipitation 
sequence both pumps were activated for a period 
of 100 s. The sample and coprecipitant were pre- 
mixed in the mixing coil (MC) of length (L& of 
6 cm, and subsequently merged with the buffer 
solution at the entrance to the knotted reactor 
(KR) which had a length (LKK) of 200 cm. The 
precipitate, which was formed instantaneously af- 
ter the merging point of the KR, was collected on 
the inner walls of the KR. The effluent emerging 
from the reactor was discarded. Simultaneously, 
the acid was pumped through the by-pass of the 
rotor of the valve and directed into the hydride 
generation system. During this stage, the baseline 
for the final readout was established. 

At the end of the precipitation period pump 2 
was stopped, and the valve was actuated automat- 
ically from the fill mode to the inject mode for a 
period of 10 s (dissolutionP hydride-generation 
procedure; Fig. 2a), by which the acid was intro- 
duced directly into the KR where the precipitate 
adhering to the inner walls of the reactor was 
dissolved. This concentrated plug zone was di- 
rected from the KR to the hydride generating 
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Fig. 2. (a) Schematic diagram of the time-based FILHG-AAS system as shown in the dissolution-hydride generation stage. (b) 
Identification of the operational parameters which influence the dissolution-hydride generation procedure. For explanation of 
symbols and abbreviations. see Fig. I 

system, where the analyte was merged with a 
reducing solution of sodium tetrahydroborate. 
After passing through a reaction coil (RC) of 
length LRc. = 60 cm, the gas-liquid mixture was 
guided into the gas-liquid separator (SP) in 
which the arsine and the evolved hydrogen were 
separated from the liquid phase and swept into 
the atomizer cell by a steady argon carrier flow. 
The absorption signal was then recorded. The 
waste from the gas-liquid separator, which in- 
cluded unreacted sodium tetrahydroborate, acid 
and some argon, was removed by aspiration. 
The elution stage lasted for 10 s. During this 
interval the sample solution was interchanged so 
that the remainder of the previous sample in the 
sample pump tube could be effectively washed 
out and the next sample kept ready for precipi- 
tation. 

3. Results and discussion 

3.1. Basis of’ the optimizution procwhrr 

The interpretation of the peaks recorded by 

the AAS instrument formed the basis for an 
effective optimization of the FI preconcen- 
tration procedure, as the peaks reflect the effect 
and efficiency of the prconcentration techni- 
que incorporated into the FI system, that is, 
the coprecipitation-dissolution process, and, 
following elution. the chemical and/or physical 
modifications of the analyte in the concentrate 
into a detectable species via hydride gener- 
ation and subsequent gas-liquid separation. 
However, in order to exploit a method com- 
pletely and thereby reach the limit of detection 
of the detector concerned, the optimization 
procedure must be performed most system- 
atically. Thus the optimization was controlled 
by estimating the gradient of every single peak, 
that is, the ratio between the area (I) and the 
absorbance (A) of the signals was evalu- 
ated. As the maximum effect of preconcentra- 
tion was desired. resulting in maximum peak 
areas, the FI procedure was optimized so as 
to obtain the lowest Il.4 ratios. To achieve 
this end it was imperative that the final 



optimization of the FI procedure was completely 
controllable and reproducible. 

Since the coprecipitation and dissolution/hy- 
dride generation processes are completely separate 
and individual, they will also be treated as such in 
the following, where the optimization procedure 
will be described by firstly setting the present 
investigation into context with current knowledge, 
and secondly by identifying and detailing the indi- 
vidual parameters/factors important to the two 
individual processes and the overall operation. 
The optimization procedure is thus based on a 
factorial approach, where the response function 
was the minimization of the I/A ratio. 

3.2. Introduction to the procedure of’ 
coprecipitation 

First of all, as the time available for the copre- 
cipitation process under dynamic conditions is 
limited, typically from a few seconds to a few 
tenths of a second, this process must happen 
extremely fast to allow a quantitative recovery of 
the analyte. Furthermore, this requires a close and 
compatible interaction between the precipitate 
collector and the precipitate generated, i.e. the 
character of the precipitate. From previous work 
[2] the authors achieved some very important 
experiences with on-line coprecipitation in KRs, 
the geometrical design of which leads to the gen- 
eration of a strong secondary flow pattern, which 
promotes quantitative coprecipitation although 
the KR is filterless. Thus, the material of the KR 
is a very important factor. In order to achieve 
quantitative coprecipitation of the analyte, the 
KR has to be tightly knotted, the material of its 
construction must have a high affinity to the 
precipitate formed, and the inorganic precipitate 
must in turn be gelatinous to facilitate the entrap- 
ment of the analyte species. Unfortunately, the 
number of commerically accessible tubular poly- 
mer materials with a high hydrophilic character 
and suitable dimensions (preferably of an inner 
diameter (id.) of about 0.5-0.7 mm [5]) is rather 
restricted. However, in the experimental work 
with on-line coprecipitation of Se(IV), where the 
coprecipitant and sample were mixed on-line, the 
results strongly indicated that the collection of the 

analyte in La(OH), in a knotted Microline reactor 
(i.d. - 0.50 mm) was quantitative below a sam- KK - 
ple flow rate of Qs = 6.4 ml min ’ [2], although 
the hydrophilic character of Microline (vinyl ac- 
etate) is not particularly high. Since no better 
material appears to be available. this material was 
also selected for use herein to make the KRs. 

Another important factor, as identified previ- 
ously [2], is the total flow rate through the KR. 
Hence, it is not sufficient to optimize the capacity 
of the KR. This is due to the fact that if the flow 
rate through the KR is too high the efficiency of 
adherence of the precipitate on the inner walls of 
the KR decreases condsiderably, and with that the 
enrichment factor (EF) and the concentration 
efficiency fator (CE) decrease too [2]. With this 
experience in mind a sample flow rate of Qs = 4.0 
ml min ~ ’ seemed to be a rational choice. Further, 
it is essential that the developed FI procedure 
should possess practical applicability, and there- 
fore the preconcentration period (r,) was limited 
to T, = 100 s, which in turn determined the ob- 
tainable value of EF. Thus, at T, = 100 s and with 
a subsequent elution period (Tn) of 10 s, which is 
sufficient for cleaning the system between each 
analytical cycle, the sampling frequency cf) be- 
came33h ‘. 

From a practical point of view the FI proce- 
dure should be able to handle samples in acidic 
media. since environmental samples are typically 
preserved by addition of acid to a pH level of 
= 3. Therefore all aqueous standards were pre- 
pared at a pH of 3. 

3.3. Optitnizution of the experinlentul purameters 
.fbr the on-line preconcentrcltion by coprecipitation 
of As(Itl) M’ith Lu(III) 

The experimental parameters which have an 
influence on the coprecipitation process are iden- 
tified in the inset of Fig. 1, (part b, where brackets 
refer to the individual parameters), and compris- 
ing the concentration of the coprecipation agent 
La(II1) (C,-,A). the pumping rate of this con- 
stituent (QcA), the characteristics of the buffer 
(PH, C,, and Qhutfer, and the lengths of the mixing 
coil (L,,.) and KR (L,,). To achieve an effective 
preconcentration procedure and to exploit the 
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capacity of the KR, these parameters must be 
optimized very carefully, because the process of 
coprecipitation is very sensitive under the dy- 
namic conditions prevailing, and because the resi- 
dence time of the coprecipitation media in KR is 
only of the order of a few seconds. Consequently, 
every single liquid element must be accounted for 
during the process of coprecipitation. 

As AS(II1) is to be determined at ultra-trace 
levels through coprecipitation under weakly alka- 
line conditions by mixing the sample with large 
excesses of La(II1) and ammonium buffer, it is 
preferential if the flow rates of these constituents 
(QCA and QB) can be kept as low as possible in 
order to avoid excessive dilution of the sample 
and to limit the flow rate through the KR. Exper- 
imentally it was found that conditions were opti- 
mal for QcA and QB z 0.550.6 ml min ~ ‘. 

Since the sample and the coprecipitant are 
mixed on-line prior to entering the KR, it might 
be expected that it is necessary to utilize a certain 
pathlength in order to effect this, but, as was also 
verified in previous work [2], the shortest possible 
length of MC (here corresponding to 6 cm) was, 
in fact. sufficient. This is not surprising consider- 
ing that the ratio of the flow rates of the coprecip- 
itant and the sample was l/8. 

Using Q(.,, = QB = 0.5 ml min ~ ’ and a sample 
flow rate Q, of 4.0 ml min ‘, the residence time 
(T,,) of the coprecipitating media in a KR of 
L kK 200 cm and i.d.,, 0.5 mm will be z 4.7 s. 
Considering this very short residence time, the 
effects of the pH value of the buffer (the concen- 
tration of which was fixed at C,, = 0.3 M in order 
to maintain a high buffering capacity) and the 
La(II1) concentration (Cc,) were closely investi- 
gated. The results are shown in Fig. 3. 

As can be seen, optimal conditions for precon- 
centrating As(II1) by collecting the analyte in the 
generated lanthanum hydroxide are found in a 
fairly narrow pH interval, i.e. 9.50 < pH, < 9.70. 
while the concentration of the coprecipitating 
agent should be in the range 90 < Cc, < 180 ppm. 
This clearly demonstrates that the process or 
mechanism of coprecipitation is critical under the 
dynamic conditions, particularly the pH, value, 
which for off-line applications has been found to 
be optimal over a much wider range, i.e. 9- 11 [3]. 

As is apparent from Fig. 3, the efficiency of 
collection decreases at higher concentrations of 
La(II1) and/or higher values of pH,. A reasonable 
explanation might be that large particles are 
formed under these conditions, whereby the 
efficiency of adherence to the inner walls of KR is 
reduced as larger particles are dislodged and car- 
ried to waste (W2, Fig. 2) [l]. Thus, it is essential 
that the inorganic precipitate is generated in the 
form of small, curdy particles which willingly 
adhere to hydrophilic Microline tube. During the 
following investigations pH, = 9.60 and Cc, = 
100 ppm were used. 

The optimization of the capacity of the KR is 
very important. Its i.d. must necessarily be small, 
i.e. id.,, z 0.50-0.70 mm, in order to allow for 
the creation of a strong secondary flow pattern 
within it. Settling for an i.d. of 0.5 mm, the 
optimal capacity was therefore determined by op- 
timizing the length of the reactor. L,,. 

For L,, < 175 cm, the collecting capacity of 
KR was found to increase almost linearly, while 
at lengths exceeding 175 cm it remained practi- 
cally constant (Fig. 4). These results contain some 
very interesting information about the coprecipi- 
tation process. Thus, by depicting the normalized 
absorbances (A/A,,) for a given length of KR. 
where A,,,., (here A = 0.229) is the average value of 

0.5 1 

~tpH=9.40 tpti=9.50 1 

I f II- -A- pH’9.60 tpH=9.70 

0.25 4 
0 50 iw 150 2w 250 300 350 4al 

[La(NO&l (PPm) 

Fig. 3. The influence of the La(II1) concentration on the 
efficiency of the coprecipitation process at ditrerent pH values 
as measured by the recorded output signals. All measurements 
were made on As(lI1) standards at a concentration of 0.50 pg 
I ’ at a sample loading time (T,) of 100 s and for L,, = 200 
cm. Operational conditions are otherwise as given in Figs. I 
and 2. 
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Fig. 4. Etkct of the length of the KR on the recorded output signal as determined for a 0.20 i/g I ’ As(lI1) standard. T,. = 100 s 
and L,, = 200 cm. Operational conditions are otherwise as given m Figs. I and 2. 

the absorbances obtained for L,, 2 175 cm, an 
indication for the concentration distribution of 
the analyte within the KR at the end of the 
coprecipitation period can be obtained, provided 
that it can be assumed that the composition of the 
precipitate is generated uniformly throughout any 
cross-section of the KR-an assumption which 
seems reasonable according to the flow pattern in 
the KR, and becuse the coprecipitation takes 
place on-line. Such a concentration distribution 
curve is shown in Fig. 5 for a reactor of length 
200 cm (other experimental parameters are shown 
in the Figure legend). The highest A ,A,, value 
(concentration) was obtained at a length of r 50 
cm, and in fact 57% of all the precipitate is 
collected within this part of the reactor, while 
only a minor fraction is contained in that part of 
the reactor which exceeds 100 cm. This observa- 
tion strongly indicates that the length of MC (6 
cm) is sufhcient for mixing sample and coprecipi- 
tant on-line, and that the coprecipitation process 
takes place very quickly. Furthermore, as the 
signals are constant for L,, 2 175 cm. the copre- 
cipitation is obviously quantitative for a reactor 
of 200 cm. Consequently, the affinity between the 
Microline reactor and the precipitate La(OH), is 
adequate. To keep the KR as short as possible, 

and thereby avoid unneccesary back pressure dur- 
ing the period of coprecipitation and in the mo- 
ment of dissolution, L,, = 200 cm was selected. 
Back pressure in the FI system might possibly 
cause fluctuations resulting in non-reproducible 
results. but with the conditions used no such 
problems were encountered, which confirms that 
lanthanum hydroxide is readily dissolved in 1 M 
HCI. 

The last parameter of the coprecipitation se- 
quence to be optimized was the sample loading 
period (TV). Obviously, for increasing values of 
T,. the amount of precipitate increased: thus it 
was found that the preconcentration effect in- 
creased almost linearly up to T,. = 150 s, which 
indicates that the collection is quantitative. How- 
ever, long sample loading times will-for a fixed 
value of the sample flow rate, which, as stipulated 
earlier. for practical reasons was fixed at 4.0 ml 
min ’ -lead to lower sampling rates. A T,. value 
of 100 s was therefore adopted. although only 
two-thirds of the capacity of the reactor was thus 
exploited. 

The time that the coprecipitating media takes to 
reach equilibrium, TEq. may be found by extrapo- 
lating the curve for absorbance (A) vs. T,. to 
A = 0 or by calculating the line of regression. 
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Fig. 5. Calculated concentration distribution of the analyte (As(ll1)) in a KR of 200 cm at the end of the coprecipitation period, 
using an As(II1) concentration of 0.20 ,ug I ‘. Operational conditions are otherwise as given in Fig. 4. 

Using the latter approach TEq was determined to 
be - 2.4 s. Of course, a negative value of TEq is 
impossible, but this value again emphasises that 
the coprecipitation happens very quickly and vir- 
tually instantaneoulsy. 

3.4. Optirnizution of’ the cxperiiwmtul puranwter.s 
for the on-line dissolution of thr preripitutr in the 
KR und hydride genrrution ?!!I’ As(III) 

To achieve a high sensitivity via the ensuing As it was found previously [I] that 1 M HCl 

hydride generation procedure, the precipitate in readily dissolved the La(II1) precipitate quickly 

the KR must be dissolved immediately to obtain a and effectively, even if elevated flow rates were 

plug zone of concentrate. Thus the approach of used (around S-9 ml min ‘), this medium was 

dissolution-hydride generation will be virtually also used herein. Higher concentrations did not 

identical to the common FI-HG-AAS system have any significant effect. However. the efficiency 

without preconcentration. Therefore the flow rate, of the hydride generation is very much dependent 

Q nc,, and the concentration of the acid, C,,.,, are on the concentration of the sodium tetrahydrobo- 
very important factors. Apart from the fact that rate. Thus it was found that the optimal concen- 
the geometrical design of the KR promotes the tration of this constituent was 1.50% (m/v). 
conditions for achieving an effective preconcentra- Pumped at a rate of 1.50 ml min ‘, this means 
tion, it also, via the inherent secondary flow that the concentration of sodium tetrahydrobo- 
pattern, facilitates effective dissolution. Conse- rate in the final reaction medium is 0.22% (m/v) 
quently, the degree of dispersion and the extent of while that of HCl is 0.085 M. These conditions 
inhomogeniety of the concentrate formed by the caused a vigorous evolution of hydrogen in the 
dissolution process are both limited, which in turn RC. The evolved hydrogen therefore undoubtedly 

promotes the conditions for achieving low I/A 
values via effective hydride generation and strict 
control of the FI processing of the concentrate 
from the KR to the quartz tube atomizer. 

The parameters which are of importance for the 
dissolutionhydride generation procedure are 
identified in Fig. 2b. Optimization of this part of 
the assay sequence is well described elsewhere 
[5,6], and therefore only a few comments will be 
linked to the hydride generation part of the proce- 
dure. 



contributes considerably to the stripping of the 
analyte from the RC to the gas-liquid separator 
(SP), which explains why a rather low optimal 
flow rate of argon, QAr = 29 ml min ~ ‘, sufficed. 
In spite of the relatively large pressure fluctua- 
tions generated by the discontinuous release of 
hydrogen, the gas segmentation actually does 
limit the dispersion of the concentrate in the RC. 
which, for the same reasons as for the KR, is 
knotted. The length of RC was optimized to 
L,, = 60 cm (i.d.,, = 0.50 mm), which indicates 
that the hydride generation happens immediately. 
By prolonging the reaction time, i.e. LRC > 60 cm. 
the signals obtained were very reproducible, indi- 
cating that the analyte is transported smoothly 
from the RC to the quartz-tube atomizer via the 
gas-liquid separator. However, to achieve maxi- 
mum signals, it is extremely important to control 
the flow rate of the liquid withdrawal from the 
gas-liquid separator, Qw,. By varying this 
parameter, it was noticed that the signals dropped 
significantly, i.e. up to lo- 15%, if Qw, > Qw,.Opt, 
( z 22 ml min ~’ with the ultimately optimized 
flow rates). This shows that unless the waste flow 
of Wl (Qw,) is very conscientiously adjusted, 
there is a possibility of considerable loss of ana- 
lyte into the waste. 

3.5. The influence of .wn~plejlo~~~ rute on the 
perfomance of the FI&HG-AAS system 

As mentioned earlier, the collection efficiency 
gradually decreased at higher sample flow rates 
which was the reason why it was fixed at 4.0 ml 
min ~ ‘. However. if the sample flow rate was 
varied at levels below 4.0 ml min ’ while keeping 
the total amount of analyte introduced constant. 
virtually identical calibration curves were ob- 
tained. Thus, when comparing two calibration 
runs where the aspirated sample volume (I’,) of 
As(II1) in both cases was 6.7 ml, but where the 
sampling time ( TC) and the sample flow rate ( Qs) 
in the first instance were 100 s and 4.0 ml min ’ 
respectively and 200 s and 2.0 ml min ’ in the 
second one, the linear slopes of the two calibra- 
tion graphs deviated by less than 10% from each 
other (the slope being highest for the lower flow 
rate). If the difference in the two calibration runs 

is beyond the experimental error, it does, how- 
ever, show that it is a reasonable assumption to 
consider the coprecepitation quantitative up to a 
sample flow rate of 4.0 ml min’ and with T, 
equal to 100 s. The characteristics of performance 
under these conditions are given in Table 1. 

As mentioned above, the ratio between the area 
(I) and the absorbance (A) of the individually 
recorded peak signals was a guiding parameter in 
the optimization procedure. Since the area reflects 
the effect of the coprecipitation, it is not surpris- 
ing that it remained practically constant for aspi- 
ration of identical amounts of As(III), but as the 
optimization progressed the absorbances in- 
creased, i.e. the IIA ratio decreased progressively. 
By calibration at (T,, Qs) = (100 s, 4.0 ml min ~ ‘), 
the average value of the Z/A ratio, (l/A),,, in the 
concentration range of As(II1) 0.0550.30 pg l- ‘, 
approached a value of around 1.91, which seemed 
to be the optimal efficiency obtainable. By com- 
parison, calibration at (T,, Q,) = (200 s, 2.0 ml 
min ‘) yielded an (Z/A),, value of 1.93. Thus, 
these results show that (1) La(OH), effectively 
collects As(II1) on the inner walls of a knotted 
Microline reactor under the dynamic conditions 
prevailing, and (2) the dissolution of La(OH), is 
effective and so is the hydride generation reaction. 
Apparently the concentration distribution of the 
analyte in the KR (Fig. 5) promotes appropriate 
conditions for dissolution of the coprecipitate. 

In the concentration range investigated (i.e. O- 
0.20 ppb As(III)), the presence of As(V) did not 
influence the signal provided that the concentra- 
tion was below 0.20 ppb. Whether higher concen- 
trations of this species can be tolerated in the 
coprecipitation reaction with La(II1) or Hf(IV) 
can only be estimated by optimising the dissolu- 
tion ~ hydride generation conditions to eliminate, 
if possible, the differences in kinetic behaviours of 
As(II1) and As(V). 

3.6. Ewluution of‘ the preconcentration eflect 

To estimate the effect of the preconcentration 
obtained the same FIIHG-AAS system was used 
to determine As(II1) without preconcentration. 
The optimal parameters obtained by optimizing 
the elution/hydride generation procedure with 
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Table I 
Characteristics for the FIIHG-AAS system with on-line coprecipitation dissolution 

Parameter Analyte 

Sample flow rate (ml min ’ ) 4.8 4.0 4.0 

(Cc, (~~m):~Hlo,,,,<,i 210:9.10 IOO:‘9.60 100/s. IO 
Calibration range (jig I-‘) 0.01~0.30 0.005 0.30 0.005. 0.40 
Regression equation in calibration range 0.510 c+o.o05 I.170 C+0.017 0.906 C+O.O17 

(6 standards, n = 3. Ci in log I- ‘) 
(I/A ) A,rrape (analyte concentration range 

0.0550.40 ppb) 

(r = I .OOO) 
N.D’ 

(r = 0.998) 
I.91 

(r = 0.996) 
2.11 

Sample volume per assay (ml) (loading 
100 S) 
Sampling frequency, j (samples h ‘) 
Relative standard deviation 

time, 7.9 

33 
0.5 

6.1 6.1 

33 
I.0 

33 
0.3 

(n= II, 0.10 {‘g I-‘) (‘!%I) 
Limit of detection (30) (/tg I ‘) 
Enrichment factor (EF) 
Concentration efficiency (CE = EF 1860) 

0.006 0.003 0.003 
30 32 25 
16.5 Il.4 13.5 

’ Coprecipitation with La(OH),. 
b Coprecipitation with Hf(OH),. 
‘ Not determined. 

Se( IV)’ As(II1)” As(li1)” 
- 

La(II1) were reused except that the argon flow 
rate had to be readjusted. A sample volume of 
100 ,ul was employed. which in turn required an 
optimal argon flow rate of 43 ml min ‘. Conse- 
quently, the elutionhydride generation proce- 
dures with and without preconcentration were 
almost identical, which again indicates that the 
dissolution of La(OH), is very effective. With a 
calibration series comprising As(II1) standards in 
the range 2.0- 10.0 pug 1~ ‘, the (Z/A),, value was 
found to be approximately 2.28, that is somewhat 
higher than the value found for the optimized 
system with on-line preconcentration ( 1.9 1). The 
characteristics of performance are given in Table 
2. 

3.7. On-line preconcentrution of As(III) by 
coprecipitation-dissolution \vitlz Hf(IV) as 
coprecipitant 

As mentioned earlier. Hf(IV) has proved to be 
an effective coprecipitating agent for As(II1) in 
batch procedures, and therefore it would be 
highly interesting to estimate its potential capacity 
on the FI-HG-AAS approach (also because this 

element, in fact, is named after the capital of 
Denmark). To compare the efficiencies of La(II1) 
and Hf(IV), the coprecipitation procedure with 
the use of Hf(IV) was optimized according to the 
same principles as described above for La(II1). 
Thus, in the FI preconcentration procedure for 
collection of As(II1) in Hf(OH), the parameters of 
the elution/hydride generation procedure as em- 
ployed for La(II1) were reused. The results ob- 
tained are given in Table 1, to which the following 
comments should be added. 

Table 2 
Characteristics for the FIIHG-AAS system without precon- 
centration 

Sample volume. V, (III) 100 

Calibration range (p& I ‘) 0.50- 10.0 
Regression equation in calibration 0.037 C+O.O06 

range (7 standards, n = 3. C,, (r = 0.999) 
in /ig I-‘) 

Sampling frequency, I20 
f (samples h -‘) 

Relative standard deviation 
(n = I I; 5 /Jg I-‘) (‘!<I) 

Limit of detection (30) (pg I- ‘) 

0.4 

0.08 I 



By comparison with the results attained by 
using La(III), the investigation with Hf(IV) 
yielded a surprising outcome as optimal results 
could be achieved within wider ranges of the 
values of the critical parameters. Thus, similar 
responses were found for 9.10 I pH, < 9.40 and 
180 I CH1.~,v’ I 300 ppm. Therefore the coprecipi- 
tation of As(II1) seemed. in fact, to be more 
robust using Hf(IV) rather than La(II1) under the 
dynamic conditions in the FI system. 

During the ensuing investigations pH, was 
fixed at 9.10 and [Hf(IV)] at 220 ppm. Analogous 
to the results obtained by La(II1) similar indica- 
tions can be drawn. Thus the concentration distri- 
bution of the analyte achieved using Hf(IV) was 
almost identical to the distribution in Fig. 5. By 
varying T,- the results obtained indicate that the 
coprecipitation of As(lI1) is quantitative or almost 
quantitative until T<. = 175 s using the optimal 
length of the KR, L,, = 200 cm, whereby only 
z 60% of the capacity of collection of the KR is 
exploited at T,. = 100 s. The results obtained by 
varying T, are interesting. Thus while the collec- 
tion efficiency of La(II1) decreased slightly for 
T,- 2 50 s, it remained constant in the range 75 I 
T, I 175 s for Hf(IV), which indicates that the 
coprecipitation is quantitative or almost quantita- 
tive during that part of the coprecipitating period. 

Two calibrations were performed by coprecipi- 
tation with Hf(IV) using equal amounts of 
As(II1). where the aspirated sample volume (V,) 
was 6.7 ml and (T,, Q,) was (100 s, 4.0 ml min ~ ‘) 
and (200 s, 2.0 ml min ~ ‘). Contrary to the obser- 
vation made for collection of As(II1) in La(OH),, 
the highest sample flow rate for Hf(IV) exhibited 
the steepest slope of the calibration curve ( =: 5% 
higher than for the lower flow rate), although the 
integrated signals were of the same order of mag- 
nitude, i.e. the effect of preconcentration was 
identical. This indicates that the efficency of disso- 
lution is reduced by preconcentrating equal sam- 
ple volumes at increasing T,.. By calibration at 
(T,, Q,) of (100 s, 4.0 ml min’) and (200 s, 2.0 
ml min ~ ‘) the (//A),, values were 2.11 and 2.29 
respectively, in the concentration range of As(II1) 
0.05-0.40 pg I- ‘, This effect will be explained in 
the following section. The characteristics of per- 
formance for Hf(IV) are given in Table 1 at 

calibration conditions of (T,., Q,) = (100 s, 4.0 ml 
min ~~ ‘). 

3.8. Compm+~g tlw @icirnq~ of La(OH), and 
Hf(OH), us collecting agents f&r coprecipituting 
AsjIll) in II knotted Microline rructor. 

By comparing the results of the calibration 
curves that were achieved using La(II1) and 
Hf(IV), the difference in the collection efficiencies 
of As(II1) in the two hydroxides can be estimated 
because the conditions of the elutionjhydride gen- 
eration procedures were identical for the two cali- 
brations The comparison is described for the 
conditions (T,, Qs) = (100 s, 4.0 ml min ~ ‘). 

By collecting As(II1) the effect and efficiency of 
preconcentration obtained are highest using 
La(OH),, as the integrated signals are higher and 
the Z/A ratios are lower than by using Hf(OH),. 
The efficiency ratio of Hf(OH), to La(OH), was 
= 77.4’%). as calculated from the respective slopes. 
Consequently, As(II1) is more effectively collected 
in La(OH), than Hf(OH), using a knotted Micro- 
line reactor. 

As both La(II1) and Hf(IV) coprecipitate 
As( III) instantaneously, the explanation for the 
less effective collection of As(II1) by Hf(IV) could 
be ascribed to a less effective adherence of the 
coprecipitate and/or collection of the analyte in 
Hf(OH),. These possibilities were evaluated by a 
simple experiment. where As(II1) was coprecipi- 
tated in the batch mode with the two agents. It 
was observed that the precipitates of both 
La(OH), and Hf(OH), were generated very fast 
but. while La(II1) formed small, fine hydroxide 
particles, the precipitate of Hf(OH), appeared 
very bulky. Such a precipitate might reduce the 
efficiency of adherence to the inner walls of the 
knotted reactor and/or promote the dislodgement 
of particles from it. Furthermore, the efficiency of 
adsorption of the analyte on the precipitate might 
be reduced as the very bulky precipitate of 
Hf(OH), limits the surface area of the precipitate 
on which the analyte can be adsorbed. 

Thus the formation of a bulky precipitate of 
Hf(OH), explains why the efficiency of the FI 
procedure decreased when longer sampling peri- 
ods (T,-) were employed. This caused the genera- 
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Fig. 6. The influence on the recorded output signal of a 0.20 /~g I ’ aspirated As(lI1) sample at increasing concentrations of Cu(II) 
and Se(lV). Operational conditions are otherwise as given in Figs. I and 2. 

tion of a disproportionately large amount of 
Hf(OH),. i.e. the ratio of analytejprecipitate de- 
creased with increasing TV although identical 
sample volumes were aspirated. This deteriorated 
the ensuing dissolution process which in turn led 
to broadening of the recorded peak signals. 
Hence, a suitable coprecitating agent should pos- 
sess the ability to form small. gelatinous particles, 
which willingly adhere to the hydrophilic Micro- 
line tube and easily dissolve. From a thermody- 
namic point of view, the chance of obtaining 
many, smaller particles at the expense of fewer 
larger ones is much higher when the mixing oc- 
curs fast and abruptly, and this is quite feasible in 
a FI system. This is also probably the explanation 
why the optimal operational conditions under the 
dynamic conditions of FIA are different from 
those of batch assays, and also why it is by no 
means a trivial exercise to transform a batch assay 
into a FI procedure [I]. 

3.9. Inarstigutions qf‘ intet-ferences 

If the FI-HG-AAS system with on-line precon- 
centration is to have any practical utility, e.g. for 
assays of natural water samples, it is essential that 
it can tolerate the presence of pertinent ions and 
at the concentration levels at which they may be 

found in such samples. In this work, which by no 
means was intended to be a thorough investiga- 
tion of interferences, the work was therefore cen- 
tered on two representative interferents, i.e. Cu(I1) 
and Se(IV). The former is known to generally 
interfere in the hydride generation reaction [7], 
while the latter has been shown to be coprecipi- 
tated with La(OH),. To investigate the extent of 
these two interferences, 0.20 ,ug 1 - ’ As(II1) sam- 
ples were spiked with increasing levels of these 
two constituents. The results are shown in Fig. 6. 

It appears that concentrations of Cu(I1) up to 1 
ppm, i.e. at 5000 times excess, could be tolerated 
without any interference, yet at higher concentra- 
tions the recorded As(II1) signal decreased. Thus, 
at a Cu(I1) level of 10 ppm. the signal was re- 
duced z 30% compared to the signal without 
addition of Cu(I1). In comparison, Tao and 
Hansen [I] found that by preconcentration of 
Se(IV), using a similar FI system but with off-line 
addition of the coprecipitating agent to the sam- 
ple, the signal for a Se(IV) sample of 0.50 pg 1-l 
was reduced by 36% at a Cu(I1) level of 0.50 ppm. 
Consequently, the determination of As(II1) is 
much more tolerable of Cu(I1). In determinations 
of 10 ilg 1 - ’ As(II1) samples with the FIIHG- 
AAS system without preconcentration and by 
spiking samples off-line with Cu(I1) at a level of 



40 ppm it was found that the signals were only 
reduced by 19%. This strongly indicated that the 
decreasing signals for Cu( II) concentrations above 
1 ppm are mainly due to the fact that the condi- 
tions of the coprecipitation process are impaired 
in the presence of Cu(I1). 

As for the investigation concerning Se(N). it is 
seen from Fig. 6 that the interference of Se(IV) is 
much stronger than that exhibited by Cu(II). Al- 
ready, at a Se(IV) concentration of 5 pg 1~ ’ the 
signal for the 0.20 pg I- ’ As(II1) sample is re- 
duced by 15%. For comparison, Tao and Hansen 
found that for the determination of Se(IV), at a 
level of 0.50 pg I ~ ‘, the signal was reduced by less 
than 5% at an As(II1) concentration of 50 jig 1~ ’ 
[l]. Again, the interfering effect of Se(N) in the 
determination of As(II1) is probably due to the 
fact that the conditions of the coprecipitation 
process are impaired by the presence of Se(IV). 
Yet, the Cu(I1) as well as the Se(N) interference 
are non-signal yielding interferences, and there- 
fore they can readily be compensated for by ap- 
plying the standard-addition approach, which 
under any circumstances would be the option of 
choice when assaying natural samples. 

tr, : 0. oil4 

Emrug: 42 Ua”ele”9th: 193.7 Slit: 0.7 L Ln*p. 1 current: 9 RR 
FlAS : Run SIEP I of 3 TEtlP.: VOO’C Ills: 20 5 RS ICC: 

Fig. 7. Typical peak readout for a 0.20 (cg I- ’ aspirated 
As(IIl) sample as obtained by the FILHG-ASS system de- 
picted in Figs. I and 2. Note that the area under the peak up 
to the peak maximum (which is reached I .4 s after initiation of 
the peak) corresponds to approximately 30% of the total area, 
while the remaining 70’!/;) is ‘distributed’ over the remaining 
5 6s. 

3.10. T/w gus liquid separator 

As each of the experimental parameters was 
systematically optimized. whereby it was possible 
to identify any limiting factors of the FI proce- 
dure with the incorporated quartz-tube atomizer, 
it became of interest to investigate if the technical 
conditions could somehow be improved. 

Attention was especially focused on the gas- 
liquid separator. As detailed in Section 2, the 
separator used herein was the one commercially 
available from Perkin-Elmer; the so-called W 
model, which has a ‘dead volume’ of 3 ml. Re- 
cently an alternative gas-liquid separator has 
been developed by Fang [6] and such a unit was 
placed at the disposal of the authors at his pro- 
posal. This separator. which has a dead volume of 
4.5 ml, proved unfortunately to have an inferior 
performance, which clearly shows that in order to 
develop an improved gas-liquid separator-at 
least for measuring analyte concentrations below 
1 j’gl ‘p attention must be focused on minimiz- 
ing its dead volume. 

The following observations indicate that the 
sensitivity can indeed be improved by minimizing 
the dead volume of the Perkin-Elmer W model 
separator. The dissolution of the precipitate in the 
knotted reactor happened instantaneously, which 
was readily visible by the ensuing l-2 s of vigor- 
ous gas liberation/foaming in the gas-liquid sepa- 
rator. With the dimensions selected, the hydride 
generation reaction itself was completed within 
z 1 s. and from the readout on the monitor it was 
evident that the essential part of the signal (the 
peak height maximum) was available after z 1.4 
s, while the time required to record all of the 
signal peak was about 6.5 s (Fig. 7). These feats 
indicate that an essential part of the gas concen- 
trate became delayed by approximately 2-3 s by 
the passage of the gas-liquid separator or, more 
specifically. that the argon stream and the hydro- 
gen developed caused a pronounce dilution of the 
concentrate in this unit. To minimize this effect it 
would be very interesting to test a Perkin-Elmer 
W model with a dead volume of less than 3 ml. 
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4. Conclusion 

With the results obtained in previous work 
[1,2], and the work reported in this paper, it is 
apparent that the FI approach for preconcentra- 
tion of trace levels of elements by on-line copre- 
cipitation-dissolution in inorganic media offers 
itself as an attractive and effective option. 

The coprecipitation process is very sensitive 
under the dynamic conditions prevailing, espe- 
cially regarding the optimal value of the pH of the 
buffer used and the concentration of the coprecip- 
itating agent. This is amply demonstrated in the 
difference of the optimal values of these two 
parameters for the preconcentration of As(II1) 
and Se(IV), although the very same coprecipitat- 
ing agent, La(III), was used in the two cases 
(Table 1). 

Although the coprecipitation process proceeds 
extremely fast using either La(N) or Hf(IV), it 
was found that La(OH), collected As(II1) more 
effectively than Hf(OH), using a knotted Micro- 
line reactor. This is probably due to the fact that 
the precipitate of Hf(OH), was generated as bulky 
particles, which impaired both the conditions for 
the on-line coprecipitation process and also the 
ensuing on-line dissolution of the precipitate. 
This, in turn, proved that an ideal precipitating 
agent should give rise to the formation of small, 
gelatinous particles, which promote conditions for 
willing adherence to the hydrophilic Microline 
tube and subsequently give rise to ready dissolu- 
tion. 

From the experience gained by on-line precon- 
centration of As(II1) and Se(N) via coprecipita- 
tiondissolution in inorganic media it is expected 
that subjecting other hydride-forming elements to 
a similar procedure should not pose any serious 
problems. Further, as the FI procedure presented 
herein seems to have reached completion, it 
should in the future be of great interest to investi- 

gate the possiblities to include on-line speciation 
of As, Sb, Se and Te. Whether the on-line reduc- 
tion should be incorporated in the period of pre- 
concentration or in the period of elution remains 
to be answered. In this context it must be borne in 
mind that the threshold of tolerance of the copre- 
cipitation process towards interfering species was 
low. Therefore the on-line reduction of the ana- 
lyte might preferably be executed during the pe- 
riod of elution, which requires that the on-line 
preconcentration and the sensitivity of the analyte 
species measured are identical. Similar consider- 
ations must be made for achieving a selective 
determination of the analyte at the lowest oxida- 
tion state, as the same method of hydride genera- 
tion is to be used. 

Presently, work is in progress along these lines, 
with As, Se and Sb as analytical species. 
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Abstract 

The linearity of the standard calibration curve in a flow-injection system involving a calcium~cresolphthalein 
complexone reaction was improved by replacing the organic base, 2-amino-2-methylpropan- I-01, with the weak 
inorganic acid-conjugate base, boric acid&borate system as buffer. This was done after a theoretical study done on 
the relationship between the amount of coloured complex, Ca,(CPC)‘~ . as major chromophore formed and the total 
amount of calcium added at different pH values. and employing the knowledge obtained via proton side-reactions. It 
was shown that a linear calibration curve between I50 and 1000 mg I ’ of standard Ca”+ solutions was obtained 
with a buffer solution containing 0.05 mol I ’ boric acid. 0.05 mol I ’ KC1 and 35 g 1 ’ sodium acetate at a pH 
of 8.5. 

Kq~~dr: Calcium- cresolphthalein complexone reaction: Flow-injection: Non-linearity: Standard calibration curve 

1. Introduction 

Non-linear calibration curves are sometimes ob- 
tained in flow-injection systems. These curves are 
either non-linear over the whole concentration 
range or only linear over a limited concentration 
range and furthermore tend to flatten when an 
element is determined over a wide concentration 
range. This has an influence on the accuracy and 

* Corresponding author. Fax: ( + 27) 12432863. 

’ Presented at the Seventh International Conference on 

Flow InjectIon Analysis (ICFIA ‘95). held in Seattle, WA. 

USA. August l3- 17. 1995. 

precision of results obtained. Although this is not 
such a big problem with modern technology in- 
volving computers and chemometrics, many rou- 
tine laboratories do not have these facilities or 
access to these facilities and therefore have prob- 
lems in reporting the correct results. There are two 
main factors that may contribute to this phe- 
nomenon. i.e. the physical and chemical parame- 
ters involved in the optimisation of a flow- 
injection system. Physical parameters such as sam- 
ple volume. line length, tube diameter, etc. are 
usually easily optimised in order to obtain linear 
calibration curves in the working concentration 
range of a specific element. With chemical parame- 

OO3Y-9140 96 Sli.00 r lYY6 Elsevier Science B.V. All rights reserved 
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ters. the reaction involved governs the optimisa- 
tion process and therefore optimisation in this 
regard is not always such an easy process. 

In flow-injection systems where spectrophoto- 
metry is used as the detection method, the inten- 
sity measured at a certain wavelength of the 
coloured complex formed is directly proportional 
to the amount of the metal ion present in a 
sample if only one complex is formed [l]. The 
reaction must however fulfill all the requirements 
needed for flow-injection spectrophotometry. Al- 
though the reaction may not reach completion in 
the flow-injection system, each standard and sam- 
ple is treated in exactly the same way due to the 
hydrodynamic nature of the system. This nor- 
mally results in a linear calibration curve. 

Complexation reactions between metals and lig- 
ands often result in the formation of more than 
one product [2-81. An in-depth discussion on this 
phenomenon formed the subject of many papers 
from a number of authors including a recent 
valuable detailed publication by Budesinsky [8] on 
the optimal acidity of complexes by solution of 
polynomials and by iteration. If a metal ion M 
with analytical concentration (total metal ion con- 
centration) C, reacts with a ligand L to form a 
number of complexes as illustrated above, the 
mass balance (material balance) [3,6,7] on the 
metal ion is given by 

C, = [M] + [ML] + [MLJ + [ML,] +. . + [ML,,] 

= WI + BOWI + PdW[Ll* + B,ML13 
+ + PnPWl” 

where n is the maximum coordination number of 
the complexes, [ ] are the concentrations of the 
different substances, K,, K2, K,...K,, are the for- 
mation constants for each step in the overall 
reaction process, and /?n is the overall formation 
constant with P,=K,, P2=K,K2, /I3 =K,K,K,, 
etc. 

The extent to which a complexation reaction 
proceeds to form any of these complexes is deter- 
mined by the experimental conditions and the 
formation constants for each step in the overall 
reaction process. In order to quantify the concen- 
tration of each complex in solution, the degree of 
formation [6] (complex formation fractions), 2, is 
given by the general equation 

;(,i = zML,, 

where n=O, 1, 2. 3. . and 

X() = XM - -P=(l +~,[L]+~*[L]‘+~,[L]‘+~~~ 
M 

+ P,z [W ~ ’ 
The r values represent the ratios of the concentra- 
tions of the individual metal-containing species to 
the analytical concentration of the metal C,. It 
can however be seen from the expressions that the 
x values are functions of the equilibrium con- 
stants and the free (i.e. not bound to M) ligand 
concentration. Hence it is possible to plot a series 
of component distribution curves [6] (n + 1 of 
them) of SL,, vs. [L]. The r,, function is used as an 
atlas of metal-ligand equilibria in aqueous solu- 
tion to show at a glance the relative proportions 
of each of the species in solution [9]. In order to 
visualize how these quantities of different com- 
plexes vary with the addition of a ligand to a 
metal, it is useful to employ graphs, called loga- 
rithmic concentration diagrams, having log con- 
centration along the vertical ~1 axis vs. log [L] or 
pL along the horizontal x axis. It is further possi- 
ble to construct a complexometric titration curve 
by transforming the results in a logarithmic con- 
centration diagram into a titration curve, where a 
metal ion is titrated with a ligand. The pattern 
obtained with this titration curve resembles the 
calibration curve actually obtained when the in- 
tensity of a coloured complex product at a certain 
wavelength is measured in a flow-injection spec- 
trophotometric system. It is clear from this infor- 
mation that due to the formation of a number of 
complexes the calibration curve is only linear over 
a limited concentration range and that a non-lin- 
ear calibration curve is obtained when extended to 
a full concentration range. 

It is possible to extend the linearity of the 
calibration curve to the full concentration range 
by manipulation of the reaction conditions 
through side-reactions [2,4,5,7] of the ligands or 
metal ions in the complexes. When another metal 
ion. N, or proton, H+, is added to the complex, 
ML,,, there is a competition between the other 
metal, N, or proton H+, for the ligand, L, and 
the ligand. L, is ‘withdrawn’ from the complex, 



ML,,. The dissociation of ML,, is enhanced and 
the concentrations of these complexes are de- 
creased by the amount bound in the side-reaction 
complexes. To evaluate the extent of the side-reac- 
tion quantitatively in order to control the side-re- 
action, a side-reaction coefficient (2) is introduced 
which for the addition of a proton is given by 

&‘I a L(H) = [Ll 

[L] + [HL] + [H&l + [H,L] + .‘. + [H,,,L] 

Ll 
= 1 +~;‘+[H+]+p~+[H+]‘+~~+[H+]3 

+. .+/Y;-[H+]“’ 

where [L’] is the conditional free ligand concentra- 
tion. 

This clearly shows that the side-reaction co- 
efficient is only dependent on the concentration of 
the proton added and if this is carefully controlled 
then the dissociation of the original complex can 
be controlled. 

The complexometric reaction between calcium 
as metal ion and cresolphthalein complexone 
(CPC) as metallochromic indicator was chosen as 
a scale model to illustrate this concept. In flow-in- 
jection analysis the standard curve is non-linear 
when calcium is determined over a wide concen- 
tration range measuring the calcium-CPC com- 
plex. At high calcium concentrations the 
calibration curve tended to flatten. The reasons 
for the non-linearity of the standard curve have 
been investigated and this paper gives an account 
of the results obtained. This paper also describes 
conditions used with side-reactions to extend the 
linearity of the calibration curve and the results 
obtained in this regard. 

measurements with a vacuum pump system. The 
main solutions were prepared as follows. 

2.2. Standard calcium solution 

A calcium stock solution was prepared by dis- 
solving 24.9800 g of analytical-reagent grade cal- 
cium carbonate carefully in approximately 0.5 
mol 1 ’ hydrochloric acid which was added drop- 
wise until all of the calcium had just dissolved. 
The solution was boiled for a few minutes in 
order to remove carbon dioxide. The calcium 
solution was then neutralised with approximately 
0.1 mol 1 ’ sodium hydroxide solution, adjusting 
the pH to 3 9, whereafter it was diluted to 1 1 
with distilled water in order to obtain a stock 
solution containing 10 g 1 ’ of calcium. Standard 
working solutions containing 1, 4, 8, 15, 40, 100, 
150, 250, 500, 750 and 1000 mg 1~ ’ of calcium 
were prepared by suitable dilution of the stock 
solution. 

2.i. CPC rragmt 

The solution was prepared by dissolving 50 mg 
of CPC, obtained from BDH, and 1.0 g of quino- 
lin-8-01 in distilled water to which a few drops of 
concentrated hydrochloric acid were added. The 
pH of the solution was adjusted to z 4 with 
sodium hydroxide, whereafter it was quantita- 
tively diluted to 2 1 with distilled water. 

2.4. Base solution 

Four bufler solutions were prepared by taking 
50 ml of stock solution containing 0.1 mol l- ’ 
boric acid and 0.1 mol 1 ’ KC1 for each buffer 
solution and adding amounts of sodium acetate to 

2. Experimental Table 1 
Buffer solutions: experimental design 

2.1. Reagents and solutions 

All reagents were prepared from analytical- 
reagent grade chemicals unless specified otherwise. 

Butler 

t 

c 
Doubly-distilled, deionised water was used D 
throughout. All solutions were degassed before 

PH 

8.5 
8.5 

[Sodium acetate] (g IF’) 

35 
10 

9.5 35 
9.5 IO 
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mUmin S 

Water 

CPC 

Buffer 

Fig. I. A schematic diagram of the Row system used. S. 
sample: M. mixing coil; D. detector: W, waste: Ml = 30 cm; 
M7 = 405 cm: tube i.d. = 0.76 mm. 

each as indicated in Table 1. The pH of each 
buffer solution was adjusted with 0.1 mol 1 ’ 
NaOH to the pH values given in Table 1. The 
final buffer solutions were each quantitatively di- 
luted to 100 ml with distilled water. 

A schematic diagram of the flow system used is 
outlined in Fig. 1. The manifold consisted of 
Tygon tubing (0.76 mm i.d.) cut to the required 
lengths and wound around glass tubes with an 
o.d. of 10 mm. The following equipment also 
formed part of the flow-injection analysis (FIA) 
system: a Gilson minipuls peristaltic pump (oper- 
ating at 10 rev min ‘) was used to supply the 
different streams and a VICI Valco IO-port multi- 
functional valve was used for injection of 25 ltl 
samples. A Unicam 8625 UV’Vis spectrophoto- 
meter equipped with a 10 mm Hellma-type flow- 
through cell (volume: 80 ltl) was used as the 
detector. The whole FIA system was controlled 
from a computer with a FLOWTEK program [lo] 
and the signal output of the detector was fed to 
the same program for data processing. 

3. Results and discussion 

CPC is a metallochromic indicator that has 
been used successfully for a long period for the 

determination of metal ions such as calcium, 
strontium and barium. The indicator was origi- 
nally introduced by Anderegg et al. [1 ,l I] as a 
complexometric reagent for the determination of 
calcium in complexometric titrations with EDTA. 
Under these circumstances there is a reasonably 
well-defined colour change with a small change in 
metal ion concentration at the endpoint of the 
titration. The value of CPC as an indicator for the 
direct spectrophotometric determination of the 
alkaline earth metals was soon realised [12] and it 
was adapted for the calorimetric estimation of 
calcium in serum [13]. Many variants of the 
method have been used. Most continuous-flow 
analytical procedures involve the use of a proce- 
dure similar to that used by Kessler and Wolfman 
[14] for the determination of calcium with CPC 
and diethylamine -sodium acetate as a base com- 
ponent. The absorbance of the calcium-CPC 
complex is measured at 580 nm and pH 12.0. 
Working at this pH and wavelength gave less 
interference from magnesium. Gitelman [15] im- 
proved this method by introducing quinolin-8-01 
to eliminate interference from magnesium and by 
measuring the absorbance of the complex at 570 
nm. Some methods also incorporated cyanide as 
stabiliser and to complex other potentially inter- 
fering metals. Moorehead and Biggs [16] modified 
this method by replacing the toxic and volatile 
diethylamine (pK, 11.0) with the more stable 2- 
amino-2-methylpropan-l-01 (AMP) (pK, 9.6) as a 
base solution. The CPC reagent is almost colour- 
less at pH 10, but highly coloured at pH 12; 
therefore, the blank was reduced and the sensitiv- 
ity increased. Moorehead and Biggs reported that 
as the interference from magnesium was elimi- 
nated by using quinolin-S-01, it was not necessary 
to work at higher pH. Basson and van Staden [17] 
found that AMP as a base gave a sufficiently 
stable solution for the FI determination of cal- 
cium in animal feeds, which obviates the use of 
toxic potassium cyanide as stabiliser. An organic 
base is used to provide the necessary alkaline 
conditions, inorganic alkalis tending to cause high 
blanks [ 181. 

Although the sensitivity of the method was 
excellent, a major problem was the narrow linear 
range of the calibration curve. CPC does not only 
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function as a metallochromic indicator, but also 
at the same time acts as an acid-base indicator. A 
fully protonated CPC indicator in acidic condi- 
tions can be represented as HJCPC). H,(CPC) is 
deprotonated under alkaline conditions to various 
ionic forms of CPC. The actual amount and z 
values of each ionic form at different pH values 
can be calculated from the pK, values for the 
dissociation of CPC given by Anderegg et al. 
[2,1 l] and these are outlined in a r distribution 
diagram of a vs. pH in a simple graphical form in 
Fig. 2. The spectrophotometric method for the 
determination of free calcium is based on the 
reaction between the metallochromic CPC indica- 
tor and calcium using the correct pH conditions. 
However, with CPC indicator, the equilibrium 
situation is rather involved, and the choice of the 
best experimental conditions is not quite simple. 
CPC forms Ca(CPC)4p, CaH(CPC)’ - and 
Ca,(CPC)‘~ complexes with Ca’ + (or MgZ + ). A 
weak absorbing complex H,(CPC)“- is also 
formed [l I]. The concentration of these species is 
a function of pH, metal ion concentration and 
ionic surroundings. The colour formation is en- 
chanced by bivalent metals and an increase in pH. 
A graphical presentation [2] of the equilibrium. 
based on the values of the stability constants 
determined by Anderegg et al. [ 1 I], offers a guide 
to choosing the most favourable conditions. 
Corns and Ludman [19] postulated the type of 
equilibrium involved as 

Ca’ + + H,(CPC)4 z$ CaH,(CPC)’ - 

with the ionisation of the complex so formed: 

CaH,(CPC)’ + CaH(CPC)‘~ + H + 

According to these authors further reaction could 
then occur between this complex and a second 
calcium ion 

Ca’ + + CaH(CPC)’ ~ z$ Ca,H(CPC) ~ 

with subsequent ionisation to 

Ca2H(CPC) - c$ Ca,(CPC)’ - + H + 

Anderegg et al. [l l] postulated that the formation 
of the coloured complex only occurred on binding 
of the second calcium ion, in the same way that 
full colour development of phenolphthalein only 
occurs on ionisation of the second phenolic hy- 
drogen atom, and formation of a quinoid struc- 
ture. However, the H(CPCY ion is pale pink in 
colour [ 1 I], which implies that the CaH(CPC)3 
ion may also be coloured, although the 
Ca,(CPC): ion would be exected to be the major 
chromophore. 

H&PC) H,(CPC)’ H,(CPC)’ (CPC)” 
100 

80 

60 

00 40 

x 

8 20 

0 

Corns and Ludman [19] studied the reasons for 
the non-linearity of the standard curve for the 
CPC reaction. They found that calcium forms 
both 1:l and 2: 1 complexes with CPC; at low 
calcium concentrations the 1: 1 complex predomi- 
nates and caused non-linearity. At high concen- 
trations the CPC concentration becomes limiting, 
resulting in flattening of the calibration curve. 
Cowley et al. [20] improved the linearity of the 
calibration curve to a certain extent in the physio- 
logical range 20--200 mg 1. ’ with the addition of 
sodium acetate to the AMP buffer solution. The 
option was investigated for FIA with the addition 
of various amounts of sodium acetate (15-35 g 
1 ‘) to various amounts of AMP (15535 g 1-l) in 
different combinations using the FI system in Fig. 
1, but with the pH of the CPC indicator solution 
at 1.5 as previously described. Calibration curves 
in the range O-1000 mg 1~ ’ of standard free 
calcium solutions were recorded and the final pH 
measured. The following conclusions were drawn 
from the results obtained. Addition of various 
amounts of sodium acetate to the buffer stream 
had only a minor effect on the calibration curve if 

-20 
H,(CPC) H,(CPC)’ H(CPC)’ 

0 4 6 8 

PH 

IO 12 I“ 16 

Fig. 2. An r distribution diagram of I vs. pH for the ditferent 
ionic forms of CPC. 
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the addition was done to a buffer with a high 
concentration of AMP. However, with smaller 
amounts of AMP in the buffer the amount of 
sodium acetate added had an influence on the 
calibration curve. The disappointment was that all 
efforts tried did not give a linear calibration curve. 
It seemed that the acetate anion as ligand was a 
minor role player in the reaction and that it was 
not possible to use manipulation of reaction con- 
ditions through the side-reaction of acetate as 
ligand in order to get a linear calibration curve. It 
was, however, observed that the final pH of the 
different experiments above varied considerably 
for the different solutions, depending on reaction 
conditions. It followed from the results that pH 
played a bigger role in the linearisation of the 
calibration curve than the acetate anion. 

A theoretical study was done on the relation- 
ship between the amount of coloured complex 
Ca,(CPC)’ -, as major chromophore formed and 
the total amount of calcium added at different pH 
values. Calculations were done using a Lotus-123 
spreadsheet. The overall constants, log /I,, = 7.8, 
log pz, = 12.8, the conditional formation con- 
stants corresponding to the proton side-reaction, 
log K,, = 11.6, log KZH = 7.6, and the pK, values 
of the CPC indicator (pK,, = 2.2, pK,, = 2.9, 
pK,, = 7.0, PK.+ = 7.8, pK,, = 11.4 and PK.+ = 
12.0) given by Bishop [4] were used. The results 
for number of pH values are outlined in Fig. 3. It 
is clear from the results that the best chance for 
linearity was at a pH of 8-9. Although a beauti- 
ful titration curve was obtained at a pH of 10, 
linearity over a wide range was not possible. The 
results also showed that the possibility of linearity 
decreased drastically with an increase in pH above 
11 and that the flattening of the calibration curve 
as experienced by various authors came into oper- 
ation. 

The method was then modified by replacing the 
organic base, AMP (pK, 9.6) with the weak inor- 
ganic acid-conjugated base, boric aciddborate 
system as buffer. Boric acid with the lower pK, 
value of 9.23 was chosen as it tended to keep the 
pH value of the buffer to 9 easier than AMP. This 
was nearer to the linear goal as illustrated in Fig. 
3. Various concentrations and buffer systems of 
the boric acid-borate buffer without the addition 

of sodium acetate were studied. but without suc- 
cess. Results were not repeatable which showed 
that the formation of the major chromophore was 
not consistent. This was confirmed by the instabil- 
ity of the final pH measured in the Fl system. The 
preparation of the CPC reagent solution was 
changed to the preparation described in Section 2 
where the pH of the final CPC reagent solution 
was changed from 1.5 to 4. This resulted in a 
more stable final pH measured in the Fl system. 
The calibration curve was, however, still not lin- 
ear. 

A factorial experiment was used to investigate 
the influence of the amount of sodium acetate 
added and the pH of the buffer solutions at the 
same time. The following four buffer solutions 
were prepared by taking 50 ml of stock solution 
containing 0.1 mol 1 - ’ boric acid and 0.1 mol 1~ ’ 
KC1 for each buffer solution and adding amounts 
of 0.1 mol 1-I NaOH and 250 g 1-I sodium 
acetate as indicated in Table 2. The final buffer 
solutions were each quantitatively diluted to 100 
ml with distilled water. 

The calibration curves obtained using these 
buffer solutions in the Fl system are given in Fig. 
4. It is clear from these results that both the 
proton and acetate ligand side-reations as well as 
interaction between the two had an influence on 
the linearity of the calibration curve. An amount 
of 35 g l- ’ (14 ml of 250 g l- ’ sodium acetate 
added) gave a sufficient side-reaction with the 
calcium to decompose the major chromophore to 
such an extent that the calibration curve A be- 
came linear. The proton side-reaction at pH 8.5 
was sufficient to enhance this tendency. The final 
pH of the Fl system was measured as 8.1. It is, 
however, also clear from the response that the 
sensitivity of the method decreased due to the 
decomposition of the major chromophore under 
the influence of proton and ligand side-reactions. 
The reaction capability of the H,(CPC)4m species 
at pH 8.5 is also not fully utilised as seen from the 
x distribution diagram in Fig. 2. Enlargement of 
calibration curve A (in Fig. 4) showed that the 
calibration curve is actually linear between 150 
mg 1~ ’ and 1000 mg 1~ ’ of standard Ca2 + solu- 
tions as illustrated in Fig. 5. It is possible to 
increase the sensitivity of the method by increas- 
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Fig. 3. Graphical presentations of a theoretical study on the 
relationship between the amount of coloured complex, 
Ca,(CPC)‘-, and the total amount of calcium added at 
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Table 2 
Preparation of buffer solutions 

Butfer pH Volume NaOH (ml) Volume sodium 
acetate (ml) 

ing the concentration of CPC in the CPC reagent 
solution. 

4. Conclusion 

The linearity of the standard calibration curve 
in a FI system involving a calcium-CPC reaction 
was improved by replacing the organic base AMP 
with the weak inorganic acid-conjugate base, 
boric acid-borate system as buffer. This was done 
after a theoretical study done on the relationship 
between the amount of coloured complex, 
Ca,(CPC)‘~ , as major chromophore formed and 
the total amount of calcium added at different pH 
values and employing the knowledge obtained via 
proton side-reactions. It was shown that a linear 
calibration curve between 150 and 1000 mg 1~ ’ of 
standard Ca2 + solutions was obtained with a 
buffer solution containing 0.05 mol 1 ’ boric acid, 
0.05 mol 1~ ’ KC1 and 35 g 1 ’ sodium acetate at 
a pH of 8.5. 

D 

C 

.’ 

B 

Fig. 4. Calibration curves of four different buffer solutions 
evaluated in the FIA system. 

15 

14 r  

13 

12 

Fig. 5. Enlargement of calibration curve A in Fig. 4. 
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Abstract 

Chemical analysis of surface active species (surfactants) is of interest for many applications, such as in process 
monitoring. biomedical applications, environmental monitoring and surface science investigations. Recently, we 
reported a dynamic surface tension detector (DSTD) based upon optically probing the size of a repeating drop 
resulting from constant flow of an aqueous solvent out of the end of a capillary. Presence of a surfactant in a growing 
drop reduces the surface tension at the air-solvent interface, causing the drop to detach at a smaller volume, which 
is detected. The DSTD has a kinetic dependence. and with increasing flow rate the sensitivity decreases due to 
diffusional and adsorption effects. We report that for the sodium salt of dodecylsulfate (DS). the DSTD performs 
significantly better with a stainless steel (S.S.) capillary dropper than with a fused silica dropper because the S.S. 
dropper exhibits a smaller adsorption effect as a function of time. Flow-injection analysis with the DSTD of DS was 
found to enhance sensitivity SO-fold by in-situ reaction with the ion-pair reagent tetrabutylammonium hydroxide 
(TBA) in water, even though the TBA alone was not very surface active. The TBA-DS system serves as a model for 
a selective detection method in which surface activity is exploited and enhanced. The detection limit for DS. as 
TBA-DS, was 400 ppb. Additionally, weakly surface active species such as TBA could be analyzed “indirectly” by 
ion-pair formation with DS. The enhanced sensitivity is due to increased packing of the ion-pairs at the air-aqueous 
solvent interface. The flow rate dependence on the sensitivity of detecting the TBA-DS ion-pair was examined. Two 
limiting conditions were observed as a function of ion-pair concentration: sensitivity decreases linearly with inverse 
flow rate at high flow rates and approaches a steady state at slower flow rates. 

Keywords: Surfactants; Ion-pair formation: Flow-injection analysis: Dynamic surface tension detection 

1. Introduction 

The rapid detection of surfactants in a liquid 
stream traditionally relied upon methods common 

* Corresponding author. 
’ Presented at the Seventh International Conference on 

Flow Injection Analysis (ICFIA ‘95), held in Seattle, WA. 
USA. August 13-17. 1995. 

to the detection of other classes of chemical com- 
pounds. Conductively [ 11. evaporative light scat- 
tering [2], and refractive index [3] (RI) detection 
have been used but do not provide the selectivity 
and chemical information often desired. UV/Vis 
[4] absorbance and fluorescence [5] detection are 
popular and can be extended to surfactants which 
do not possess a chromophore by derivatization. 
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For the detection of charged surfactants. a com- 
mon approach to supplying a chromophore is 
through the addition of an ion-pairing agent 
which possesses a chromophore [669]. This ap- 
proach has been used in chromatography [1 ,lO-~ 
121 as well as in flow-injection analysis (FIA) 
[13,14]. While all of these approaches work, they 
fail to take advantage, as a detection mechanism, 
of the very physical property of surfactants which 
characterize them as a class of compounds, 
namely, an ability to alter the surface tension of a 
liquid. The dynamic surface tension detector 
(DSTD) however. does take advantage of this 
property and is able to selectively detect only 
those species in a matrix which alter the surface 
tension of a solventtair interface in a dynamic, 
repeating fashion. The original report relating the 
experimental DSTD work to FIA and liquid chro- 
matography demonstrated excellent sensitivity 
and selectively for surfactants, with a time depen- 
dence [15]. We then improved the limit of detec- 
tion by incorporating a true-volume-based 
detection mechanism, as applicable in this work 

U61. 
Surface tension measurements of liquids have 

long been of interest to researchers and numerous 
methods such as the Wilhelmy plate [17,18] and 
drop weight method [19-231 exist for their quan- 
tification. These methods, however, are employed 
under static conditions making their use in a 
real-time laboratory or process analyzer impracti- 
cal. The DSTD differs in that it measures bulk 
surface tension in a dynamic mode. Based on the 
drop volume method which has been developed as 
a standard method in surface and interfacial stud- 
ies [24-301, the DSTD works by forming a repeat- 
ing drop at the tip of a capillary under a constant 
volumetric flow rate, and monitoring the change 
in drop volume when a surfactant is present. The 
presence of a surfactant in the drop will cause the 
surface tension to lower and consequently the 
drop will detach at a smaller final volume relative 
to the solvent drop volume. 

In our present work. we were interested in 
being able to enhance the DSTD signal through 
two separate avenues. First, we investigated the 
question of how sensitivity would change if a 
material other than fused silica were used as the 

capillary. In this case, we compared stainless steel 
(S.S.) to fused silica tubing. Second, to what 
degree was the DSTD signal enhanced through 
the formation of an ion-pair with the surfactant 
analyte and detecting the ion-pair versus the ana- 
lyte itself? 

The material from which the capillary is con- 
structed affects the DSTD response. Previously, 
fused silica capillaries had been used with much 
success but their relatively short lifetime became 
an ongoing issue, particularly in the context of 
using the DSTD as an analytical instrument. Ac- 
cording to Ho01 and Schuchardt [31], the orifice 
dimensions of a capillary are very critical in 
droplet formation and subsequent detachment, 
with the surface area available to the drop for 
wetting a major point of consideration. More 
exactly, the outside diameter (o.d.) of a capillary 
in comparison with its inside diameter (i.d.) deter- 
mines the “effective” diameter of the capillary. 
Machining the capillary o.d. as close as possible 
to the i.d. was found to minimize the front facial 
surface area and give superior performance. An 
investigation into the performance of a S.S. capil- 
lary was undertaken with its results being com- 
pared with that of the fused silica. 

The primary focus of this paper is to report our 
observations that the DSTD response to ionic 
surfactants could be enhanced through the forma- 
tion of an ion-pair between an analyte and an 
appropriate ion-pairing agent prior to detection. 
Obviously, the ability to increase the sensitivity of 
the DSTD would be quite advantageous and with 
that in mind several experiments were designed 
and carried out in order to more fully understand 
the enhancement effect. Answers to two specific 
questions were sought. First and foremost, to 
what degree was the DSTD sensitivity actually 
enhanced through ion-pair formation? Second, 
what ratio of ion pairing agent to analyte is 
needed to optimize the enhancement? Meyers [32] 
indicates that the packing density of adsorbed 
surfactants is altered when ion-pairs are formed 
and that the altered packing increases the 
efficiency of surface tension lowering. Efficiency is 
defined as the bulk concentration necessary to 
reduce the surface tension by a given amount. 
Higher efficiency manifests itself as an increase in 
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the surface binding constant [32.33], K2. of the 
surfactant or the ion-pair in Eq. (2) which in- 
creases s(t) and consequently Ar,,z via Eq. (4), as 
described in the Theory section. The model sys- 
tem used in this study consisted of sodium dode- 

CYl sulfate (SDS) and tetrabutylammonium 
hydroxide (TBA). The end goal of this work is to 
apply the advantageous ion-pairing effect to the 
rapid analysis of surfactants using the DSTD. 

Also of interest was how the DSTD signal 
varied with drop time (inversely proportional to 
flow rate) and analyte concentration. Delahay and 
Fike [34] examined through computer simulations 
the kinetics of the adsorption of a hypothetical 
analyte on an expanding mercury sphere. Their 
results with regard to how the surface layer con- 
centration depends upon initial concentration and 
growth rate were compared with our observations 
on the behavior for the DSTD. They state that 
the kinetics are strongly dictated by the quantity 
Co/a, where Co is the bulk analyte concentration 
and a is the parameter defining a Langmuir 
isotherm. By solving the boundary value problem, 
Delahay and Fike plotted the ratio I, jr, of the 
surface concentration I, at time t to the equi- 
librium surface concentration I,. Increasing the 
Co/z ratio resulted in lowering the time required 
to reach equilibrium, where equilibrium is defined 
by a constant I,jI, value. Furthermore, the equi- 
librium surface layer concentration increases with 
the bulk concentration. Instead of IJI,, we rely 
on the change in drop volume, or drop radius, Ar, 
as an indicator for surface coverage since, as will 
be shown, Ar is proportional to the relative 
change in surface tension, Ar/lj, and A>J/;I is pro- 
portional to analyte surface coverage, r,:r,. In- 
creasing the surface layer concentration results in 
a lowering of the surface tension which on the 
DSTD is seen by a decrease in Ar. When the 
surface layer concentration has reached a maxi- 
mum, Ar should become constant. 

2. Theory 

A complete derivation of the theory describing 
the operation of the optical-based DSTD has been 
published previously [ 15.161. The main results are 

given here to provide adequate background infor- 
mation. The DSTD probes a length dimension of 
a continuously growing drop surrounded by air, 
and the measured data provide a direct relation of 
changes in drop volume to changes in surface 
tension. From a fundamental point of view, 
changes in surface tension, AY,,~, relative to some 
baseline surface tension, as caused by the presence 
of a surface-active species, manifests itself as a 
change in drop volume, A V,,z, relative to some 
baseline volume, V, . Mathematically, 

(1) 

where the bulk solvent is labeled with a subscript 
1, the analyte with a subscript 2, and a mixture of 
the two with the subscript 1,2. 

We will now consider the signal, s(t), of the 
optical-based DSTD as a function of time, t. A 
change in surface tension, and thus S(t), comes 
from three contributions: (1) relative change in 
surface tension; (2) relative degree of surface ac- 
tivity of the analyte; and (3) transport of the 
surface-active species to the air-liquid interface. 
S(t) was derived [15] from a combination of the 
treatment of surface tension of a two-phase sys- 
tem [35] and the classical drop weight method of 
surface tension as reported by Adamson [21] and, 
in terms of Eq. (1) is given by 

(2) 

where t, is the baseline drop time interval for the 
solvent, C, is the concentration of the analyte 
near the surface as observed at the detector, t,, is 
defined as the time required for the solution to 
reach equilibrium under static conditions, M, and 
A4? are the molecular masses of the solvent and 
analyte respectively, K2 is a thermodynamic con- 
stant determining the surface binding constant for 
the analyte, p describes the relative geometry of 
the analyte, and ;I, and ;12 are the coefficients of 
surface tension for the solvent and analyte respec- 
tively. 
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As with RI detection, the DSTD requires an 
absolute change in the probed physical property, 
in this case surface tension, and this is given by 
the (yz,/;‘, ~ 1) term. Selectivity and enhanced sen- 
sitivity for surfactants depends upon their ability 
to form and maintain a concentrated surface 
layer, and this is defined by the bK2 term. Lastly. 
the basis of the time-dependent response comes 
from analyte transport to the surface by diffusion 
and convection. In previous work [ 151 the concen- 
tration of an analyte at the drop surface over time 
is given by the linear approximation 

(3) 

where the equilibrium signal is defined when t, = 
t,,, thus making Cz(t) = C,. Eq. (3) describes the 
transport of an analyte to the surface, relating the 
determination of surface tension by static and 
dynamic methods, and is strictly valid only when 
t, << t,,. 

While Eq. (2) describes the various physical 
mechanisms involved in producing a response, the 
detection of a surface-active species comes 
through actually measuring the physical change in 
a repeating drop volume. In practice, however, 
the change in drop radius, Ar,,,, is actually mea- 
sured and further analysis can show that s(t) in 
Eq. (2) is approximately equal to three times the 
relative change in drop radius as a function of 
time [16]: 

4.z AV/,., S(t) = ~ y, w=yw I 

(4) 

The last term gives the instrumental-based limit- 
of-detection (LOD) when Ar,., is taken as three 
times the standard deviation of successive drops. 
Currently. the smallest change in drop radius 
detectable is 0.5 Llrn. The DSTD is designed to 
detect small changes in drop radius with optimal 
operation in the range of 120 pm change in drop 
radius, or 10% of the baseline drop radius. Since 
the Ar,,, measurement is recorded just prior to 
detachment of a given drop (maximum drop vol- 

ume), then the time dependence of Eq. (4) can 
take on the additional meaning of the recording 
time of successive drops in a FIA experiment. 
Then, it is understood that the time dependence 
for a drop growth is involved as well. 

3. Experimental 

The experimental apparatus is shown in Fig. 1. 
Degassed water was used as the primary carrier 
solvent for all FIA analyses and was purchased as 
100% HPLC-grade (J.T. Baker, Phillipsburg, NJ). 
An Isco SFC-500 Micro Flow Syringe Pump was 
used throughout (ISCO, Lincoln. NE). Analytes 
consisted of reagent-grade SDS and the quater- 
nary amine TBA and were used without further 
purification (Aldrich Chemical Co., Milwaukee, 
WI). 

Analytes were introduced into the system using 
an injection valve (Rheodyne 7125, Cotati, CA) 
fitted with either a 20 ,~l or 85 /II injection loop 
(sample loop in Fig. l), depending on the experi- 
ment conducted. An ion-pairing agent was mixed 
with analyte either in volumetric glassware or 
combined using a precision microliter pipette 
(Rainin, Pipetman. Woburn, CA) before injection; 
alternatively, the ion-pairing agent could be intro- 
duced into the carrier solvent as an additive via a 
second injection valve (ion-pair reagent loop in 
Fig. 1) located immediately upstream from the 
sample loop. In-situ mixing of 20 ~1 injected 

zl MX 

Fig. 1. Schematic of the DSTD: DL. diode laser with attached 
focusing lens: PH, 0.25 in pin hole aperture; PD. photodiode; 
AD, data acquisition board: PC, personal computer; SP, sy- 
ringe pump; IP, I ml ion-pair reagent loop; SL. sample loop, 
20 or 85 ~1; MX, 70 /)I mixing coil. 
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analyte solution with the ion-pairing agent in this 
manner occurs in a 70 111 mixing coil. When this 
latter approach is desired, a 1 ml loop is placed on 
the ion-pair reagent valve (Valco CIOU. 
Houston, TX) allowing for 5 min of temporary 
change to the carrier solvent at 200 ~11 min’. 
All tubing consisted of l/16 in o.d. x 0.007 
in i.d. poly(etheretherketone) (PEEK) tubing 
(Upchurch, Oak Harbor. WA). 

For analyte detection purposes, liquid would 
flow into a capillary from which drops approxi- 
mately 8 ~1 in volume would form at the capillary 
tip. Capillaries of two different materials were 
studied. The fused silica capillaries had dimen- 
sions of 0.33 mm o.d. x 0.20 mm i.d. with the 
ends flush and manually polished before use with 
sandpaper containing 1 jlrn aluminum oxide par- 
ticles to minimize surface roughness. Because the 
o.d. of the capillary is smaller than conventional 
l/l6 in i.d. chromatography fittings, it was first 
inserted into a piece of 0.010 in PEEK tubing and 
then secured with epoxy. This piece of PEEK 
tubing could then be coupled to the carrier sol- 
vent line with the fittings used. 

S.S. capillaries were also examined. To prepare 
these. a 5 cm length of l/l6 in o.d. x 0.007 in i.d. 
S.S. tubing was cut with one end tapered to a 
cone such that the o.d. was approximately 50% 
larger than the i.d. at the tip. The capillary assem- 
bly was mounted using a clamp on a vertical post 
and connected to an X--Y-Z stage micrometer 
(Newport, 460 X-Y-Z, Fountain Valley, CA). 

A photodiode placed behind the capillary and 
in-line with the diode laser is interfaced to an 
amplifier/voltage offset box and then to a per- 
sonal computer (Delphi 80486-33, Seattle, WA) 
via a data acquisition board. A chart recorder is 
also connected to provide immediate hard copy 
output. Raw data were collected at a rate of 20 
data points per second with each data point the 
average of 200 A/D reads. Processed data con- 
sisted of a measure of the final radius growth of 
the drop, represented as an intensity voltage. 
which could then be converted to s(t) using Eq. 
(4) and the detector calibration curve. To obtain a 
calibration curve, the X-Y-Z translational stage 
upon which the capillary is mounted is used to 
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Fig. 2. (A) Rave data for FIA analysis of 500 ppm SDS as 
seen by the DSTD. Baseline drop growth is indicated by a 0 
itrn change in drop radius. Detection of the analyte is seen as 
a decrease in the final drop radius. or an increase in observed 
light intensity. The A;,:;, scale was calculated using Eq. (4) 
with r, = 1240 jtm. (B) Raw data are processed such that only 
the data point corresponding to maximum drop growth is kept 
hith the collection of these points forming the FlAgram. The 
data are o&t vertically from zero for clarity. 

position the drop in the laser beam path and 
relate change in drop radius, Ar, to an intensity 
voltage. As a drop grows at the tip of the capil- 
lary, it will significantly block out light from the 
diode laser. When a surfactant is present in a 
drop. the surface tension decreases, forcing the 
drop to detach at a smaller final volume, or 
smaller final radius, relative to a baseline solvent 
response. Detection of an analyte is seen as a 
decrease in final drop radius, or, as an increase in 
laser light intensity. 

The raw signal. as collected by the computer 
before processing, is shown in Fig. 2A for a 500 
ppm SDS sample. Two separate scales are used on 



the dependent axes; the decrease in drop radius, 
Af-,.l, is given on the left side with the relative 
change in surface tension. A;+;), on the right. The 
conversion between Ar,,z and As/;) is given by Eq. 
(4). Baseline drop growth is indicated by a 0 pm 
decrease in drop radius, offset to about 4 /lrn in 
fig. 2A for clarity. To convert from a voltage as 
given by the detector to a A;‘/;’ value, the follow- 
ing steps are done. The maximum Ar occurs at the 
point of drop detachment. The numerical value of 
the maximum Ar is found by converting the inten- 
sity voltage at the detachment point to Ar with 
the detector calibration curve. The A;‘/;! value is 
then calculated using Eq. (4) where Au is divided 
by the baseline drop radius, r, and then multiplied 
by three. The final processed data consist of the 
data points at maximum Ar which form the FIA 
response curve. as shown in fig. 2B. The baseline 
drop radius is found by counting the number of 
drops formed over a given period of time at a 
given flow rate and then dividing this number into 
the flow rate to get the volume per drop. Assum- 
ing a spherical drop. its radius is found through 
the formula for volume of a sphere. 

At a flow rate of 60 ~1 min -’ and below, the 
drop volume remains constant at 8 ~1 for both 
capillary materials tested but then steadily de- 
creases with increasing flow rate. Table 1 shows 
how the baseline drop radius changes with flow 
rate using the S.S. capillary. where baseline re- 
sponse is for pure water. At a flow rate of 250 //I 
min ‘, for example, baseline drop radius de- 
creases by 18 pm, a 1.5% change. The slight 
decrease in baseline radius with increasing flow 

Table I 
Change in baseline drop radius with flow rate. The maximum 
baseline drop radius is 1240 /cm, an 8 ~1 drop 

____ 

Flow rate Drop Percent decrease 
(irl min ‘) radius (Irm) in drop radius 

30 1240 0.0 

60 1240 0.0 

120 1237 0.2 

200 1228 1 .o 

250 1222 1.5 
300 1214 2.1 
350 1204 3.0 

rate was insignificant in the calculations reported 
in this paper. 

For those experiments in which an ion-pairing 
agent is used, the contribution of the ion-pairing 
agent to the total DSTD signal needs to be sub- 
tracted if the ion-pairing effect on the analyte 
response is to be accurately determined. If the 
ion-pairing agent itself is surface active, then its 
presence will cause the baseline drop radius r, to 
decrease which would need to be taken into ac- 
count when using Eq. (4). TBA, however, is only 
weakly surface active with a 500 ppm sample 
producing a Ar value of only 20 /lrn out of a total 
drop radius of 1240 pm. With SDS as the ion- 
pairing agent, however, a 500 ppm sample causes 
the drop radius to lower by approximately 70 pm. 

4. Results and discussion 

4.1. Flmt~ rute and cupillury mutrriul depmdenw 

To investigate the performance of the S.S. cap- 
illary and compare it with the fused silica at 
constant drop volume, the change in drop radius, 
Ar, as a function of flow rate for an analyte 
mixture of SDS and ion-pairing agent TBA was 
examined. The results are shown in Fig. 3. The 
change in drop radius is actually negative (de- 
creasing final drop volume) but for clarity the 
absolute value of Ar is plotted. For the fused silica 
capillary, the response to an injected analyte con- 
centration of 50 ppm SDS mixed with 250 ppm 
TBA was measured over a flow rate range of 
20-200 ~1 min’. For the S.S. capillary, 15 ppm 
SDS with 250 ppm TBA was measured over a 
range 30-400 ~1 min ~ ‘. The injected volume of 
85 ~41 was large enough to ensure that the concen- 
tration at the peak maximum remained undiluted. 
The flow rate dependence of the DSTD for both 
capillaries can be divided into two regions. At 
lower flow rates Ar for each data set is approxi- 
mately the same and remains constant while ap- 
proaching 60 ~1 min -‘. Then, the data sets 
branch off such that at any given flow rate, Ar for 
the S.S. capillary always remains greater than that 
for fused silica. Since Ar for each capillary is not 
the same over the flow rate range examined this 
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Fig. 3. A comparison of a fused silica and a S.S. capillary as 
a function of volumetric flow rate. (A) The response is for 85 
111 of 15 ppm SDS, in 250 ppm TBA, injected concentration 
using the S.S. capillary. (B) The response is for 85 /tl of 50 
ppm SDS. in 250 ppm TBA. using the fused silica capillary. At 
flow rates below 60 jr1 min-‘. the DSTD response is essen- 
tially identical with either capillary but. due to difference in 
analyte concentrations, the DSTD signal with S.S. is 3.3 times 
more sensitive. Above a 100 /tl min ’ flow rate the advantage 
for S.S. is six-fold. 

implies that the capillary material does play a role 
in determining DSTD sensitivity and that perhaps 
the response can be maximized by choosing an 
appropriate material in which to construct the 
capillary. 

The difference in sensitivity for the two capil- 
laries will now be quantified (Fig. 3). While in the 
lower flow rate region, Ar for each capillary is 
approximately the same, the SDS analyte concen- 
tration at the detector with the S.S. capillary is 3.3 
times less when compared to fused silica (15 ppm 
vs. 50 ppm). In other words, at flow rates below 
60 ~11 min -’ a 3.3-fold increase in sensitivity is 
observed through the use of the S.S. capillary. At 
higher flow rates, however, sensitivity increases 
even further over the fused silica capillary. Look- 
ing at a flow rate of 200 /tl min’, for instance, 
the change in drop radius is approximately 1.8 
times larger with S.S. than with fused silica; cou- 
pling this with the 3.3.-fold difference in analyte 
concentration gives nearly a six-fold increase in 
sensitivity for the S.S. capillary. By switching to a 
S.S. capillary a two-pronged advantage is ob- 
tained. First, the S.S. capillary allowed for analy- 
sis of analytes at lower concentrations than 
previously obtained [15.16]. Second, the ability to 
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work at higher flow rates and still maintain the 
same signal is possible. Essentially, the flow rate 
dependence curve for fused silica has been shifted 
toward higher flow rates with the use of S.S., 
pointing towards a difference in the kinetic depen- 
dence of these materials with the surface tension 
measurement. 

To better understand the behavior of the 
DSTD with the S.S. capillary, a series of flow rate 
curves were obtained at varying analyte concen- 
trations. Fig. 4 depicts Ar vs. drop time (inversely 
proportional to flow rate) for a series of SDS- 
TBA mixtures, with the TBA concentration kept 
constant at 250 ppm. The curves were collected 
utilizing the S.S. capillary. In the shorter drop 
time regime-higher flow rate-the slope in- 
creases with the concentration of SDS injected 
and is described by Eqs. (2) and (3). The DSTD 
signal appears to reach a plateau when the surface 
layer concentration has reached a maximum for 
the drop time allowed and additional analyte 
cannot effect a change in surface tension. Also, 
the time required to reach equilibrium shifts to- 
wards lower drop times as the concentration of 
SDS increases; moreover, the equilibrium Ar value 
of each curve also increases with SDS concentra- 

OJ I 
0 

DSrop Tile, sk”c 
20 

Fig. 4. DSTD signal as a function of drop time, obtained by 
changing flow rate for different SDS concentrations injected. 
Curves 4, B. C, and D are for injected concentrations of 50. 
75. I5 and IO ppm SDS respectively. All samples were 85 ~1 in 
volume and contained 250 ppm TBA. The time required to 
reach equilibrium, as defined by approaching a constant Ar 
value, shifts towards shorter drop times with increasing SDS 
concentration. The DSTD signal linearly decreases with de- 
creasing drop time in the kinetically-limited short drop time 
regime. 
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Fig. 5. DSTD response as a function of SDS concentration at 
diKerent TBA concentrations. Curve A is for SDS without 
TBA present. Curve B has the TBA concentration held equal 
to the SDS concentration. Curve C has the TBA concentration 
at 10 ppt. TBA and SDS were mixed prior to injection with an 
injected volume of 85 111, The flow rate was 60 /iI min ‘. 
Enhancement of the DSTD signal through ion-pair formation 
is seen by comparing the data set with only SDS present with 
the other two data sets for SDS which also contain TBA. No 
signal advantage is obtained by increasing the TBA concentra- 
tion beyond that of SDS. 

tion. Consistent with the results of Delahay and 
Fike [34], the time required to reach equilibrium 
decreases with increasing bulk SDS concentration. 
For example. equilibrium for 15 ppm SDS is 
reached with a drop time of approximately 4 s: 
raising the concentration to 50 ppm SDS lowers 
the equilibrium drop time even further to 2 s. 

4.2. Ion-pair Jtirmatinn 

We have observed that the DSTD response to 
ionic surfactants could be enhanced through the 
formation of ion-pairs between the analyte and an 
appropriate ion-pairing agent prior to detection. 
The model system used in this study consisted of 
the analyte SDS and the ion-pairing agent TBA. 
Two questions were of interest. To what degree 
was the DSTD signal actually enhanced through 
ion-pair formation? Secondly, what ratio of ion- 
pairing agent to analyte is needed to optimize the 
enhancement? 

To answer the first question, three calibration 
curves with SDS as the analyte and TBA acting as 
the ion-pairing agent are shown in Fig. 5. The 
curve of lowest slope, labeled (A), is of SDS 

without TBA present. The second curve, labeled 
(B), has the TBA concentration always kept equal 
to the SDS concentration. Lastly, the third curve, 
labeled (C), has the TBA concentration at 10 ppt, 
much larger than the SDS concentration range. A 
sample volume of 85 ,uI was used throughout with 
the SDS and TBA mixed prior to injection. Look- 
ing at Fig. 5 it becomes obvious that TBA greatly 
enhances the response for SDS while TBA itself 
exhibits a very small response. Taking the ratio of 
the slope of curve B to the slope of curve A, a 
50-fold enhancement is seen. 

The second question of what ratio of ion-pair- 
ing agent to analyte is needed to optimize the 
enhancement is answered in part with Fig. 5. The 
calibration curves where TBA is present but in 
different concentrations nearly match one another 
(Fig. 5, curves B and C). It should also be noted 
that at no point did the concentration of ion-pair- 
ing agent fall below the concentration of the 
analyte. These two facts led us to conclude that to 
maximize the sensitivity for SDS detection. the 
concentration of the ion-pairing agent must be at 
least equal to the maximum concentration of the 
analyte intended to be analyzed and that increas- 
ing the ion-pair concentration beyond the analyte 
concentration provides no additional enhance- 
ment. If such an advantage did exist, then the 

0” -0 100 200 300 
TBA Concentration, ppm 

Fig. 6. DSTD response to TBA with 100 ppm SDS present. 
Injection volume was 85 ~11 with a flow rate of 60 /cl min-‘. 
Up to 100 ppm TBA, enough SDS is present to completely 
ion-pair the TBA. Above 100 ppm TBA, the SDS becomes a 
limiting reagent and the DSTD response quickly levels off. 
TBA itself is weakly surface active, with very little inherent 
response. 
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0.4 to the point where the ion-pairing agent and 
analyte are present in equal amounts for the 
SDSTBA system. Increasing the ion-pairing 
agent concentration beyond the analyte concen- 
tration does not provide any additional advan- 
tage, though at the same time it does not harm 
the analysis either. 

0.04 
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4 5 4.3. FIA of surjiwtants through in-situ ion-pair 

,fbrmation 

Fig. 7. FIA and DSTD detection of SDS via in-situ ion-pair 
formation with TBA. (A) Duplicate injections of 500 ppm 
SDS in water. (B) Injection of 500 ppm of the ion-pairing 
agent TBA into carrier solvent. This was done via the ion-pair 
reagent injection valve containing a I ml sample loop, thus 
providing approximately 5 min of altered background. (C) 
Duplicate injections of 20 ppm SDS mixed in situ with TBA. 
Flow rate was 200 /1 I min ’ with an analyte sample volume of 
20 ~1. The ion-pairing agent and analyte were combined in a 
70 ~1 mixing coil prior to detection. Listed concentrations are 
the amounts injected. 

curve with 10 ppt TBA should have yielded a 
more sensitive response than when TBA was kept 
equal to the SDS concentration. 

Fig. 6 is a calibration curve for TBA with a 
constant SDS concentration of 100 ppm. TBA is 
not surface active enough to provide much of a 
response but in the presence of 100 ppm SDS, the 
signal is observed by an indirect detection mecha- 
nism, since the baseline signal (SDS alone) is 
subtracted. What should be noticed in Fig. 6 is 
that up to approximately 100 ppm TBA, the SDS 
concentration is always in excess, allowing all 
available TBA to be ion-paired and the signal 
maximized. Beyond the 100 ppm mark, however. 
SDS is a limiting reagent and some TBA will not 
be ion-paired causing the DSTD signal to level 
off. Beyond a concentration of 100 ppm TBA, it is 
predicted that Ar should become constant since 
the maximum number of ion-pairs have formed. 
The point at which Ar does level off is approxi- 
mately where the TBA and SDS concentrations 
are equal, in this case 100 ppm. In fact, looking at 
Fig. 6, it is observed that the calibration curve 
does level off sharply past the 100 ppm TBA 
mark. We conclude that DSTD signal enhance- 
ment through ion-pair formation only occurs up 

The end goal of this work is to apply the 
advantageous ion-pairing effect to the rapid anal- 
ysis of surfactants using FIA and the DSTD. To 
this end, it was concluded that the ion-pairing 
agent would need to be present in the carrier 
solvent and the ion-pairs formed in situ for real- 
time analysis to occur. The in-situ formation was 
facilitated with a mixing coil placed between the 
sample loop injection valve and the capillary (see 
Fig. 1). By introduction of an ion-pairing agent 
such as TBA into the carrier solvent upstream 
from where analytes are injected, the requisite 
ion-pairs can form before entering the detector. 

Fig. 7 depicts the data from the FIA experi- 
ment. First, 20 ~1 of 500 ppm SDS was injected in 
duplicate into a pure water carrier solvent (200 ~1 
min I) and the detector response recorded. The 
signal plotted in this case is the true DSTD re- 

o.od 
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Fig. 8. Detection of TBA via in-situ ion-pair formation with 
SDS. Flow rates and volumes injected are the same as in Fig. 
7 except SDS becomes the ion-pairing agent and TBA the 
analyte. (A) Injection of 500 ppm TBA into carrier solvent 
water. (B) Injection of 500 ppm SDS into the carrier solvent. 
(C) Reset capillary position. (D) Duplicate injections of 25 
ppm TBA mixed in situ with SDS. 
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sponse, that is. the relative change in surface 
tension. A;*/?. as defined in Eq. (4) and converted 
as in Fig. 2AB. Once the signal returned to base- 
line after the second injection. 500 ppm TBA was 
injected into the carrier solvent from the ion-pair 
reagent loop and the new, slightly altered, base- 
line was allowed to equilibrate. As stated previ- 
ously, TBA itself is only slightly surface active 
and as such the change in baseline is not signifi- 
cant in the data conversion to A;‘/;‘. With the 
TBA present in the carrier solvent. a 20 ~1 sample 
of 20 ppm SDS was injected, allowed to mix with 
the TBA in the mixing coil and the response 
recorded. As is evident, even with a 25fold less 
concentrated sample the relative change in surface 
tension of SDS is approximately twice as great 
when TBA is present than when TBA is absent. In 
short, this means a 50-fold increase in sensitivity 
for SDS is possible through the formation of an 
ion-pair with TBA prior to detection by the 
DSTD. The LOD for SDS as a DS-TBA ion 
pair, where DS is the dodecyl sulfate ion, was 
determined to be 400 ppb (LOD = 3 x standard 
deviation of the baseline noise). Note that these 
analyses were conducted at a flow rate of 200 /ll 
min’ which, prior to the use of the S.S. capillary 
and the ion-pairing agents, was not possible. 

Fig. 8 is the role reversal of the chemical species 
used in Fig. 7. TBA is the analyte and SDS acts as 
the ion-pairing agent present in the carrier sol- 
vent. This situation has an added importance in 
that it shows how non- or weakly-surface active 
molecules, such as TBA, can be detected with the 
DSTD by having an appropriate ion-pairing 
agent present in the carrier solvent. The relative 
change in surface tension, A;*/;‘, for the TBA-DS 
complex is roughly four-fold greater than that for 
TBA alone while the TBA-DS concentration was 
20-fold lower, meaning the overall sensitivity has 
been increased 80-fold. The 1 ml plug of 500 ppm 
SDS injected into the carrier solvent yields a 
constant DSTD response as seen in Fig. 8 at 
about the 2 min mark. To keep the two subse- 
quent injections on scale. the baseline light inten- 
sity was readjusted. To do this. the position of the 
capillary was moved further into the path of the 
laser beam by an amount equal to the decrease in 
baseline drop radius caused by the SDS. 

5. Conclusion 

We found that the DSTD is a more sensitive 
detector by switching from a fused silica capillary 
to one made of S.S. This allowed for operation of 
the DSTD at significantly higher flow rates than 
previous with a six-fold increase in sensitivity. 
Furthermore, the detection of SDS was enhanced 
50-fold by the formation of an ion-pair between 
SDS and the quaternary amine TBA giving a final 
LOD of 400 ppb. The methodology reported here 
should be ideally suited for process analysis and 
biomedical applications. For purposes of environ- 
mental monitoring. however, the LOD for this 
method would have to be lowered further [36]. 
The formation of drops for the purposes of ana- 
lytical measurements is not restricted to the detec- 
tion of surfactants. Dasgupta et al. has recently 
shown that a droplet formed at the end of a 
capillary is capable of acting as a sampling device 
for gas soluble analytes such as NH,. SO2 and 
NO, [37,38]. Also, the feasibility of using a fiber 
drop analyzer (FDA) for viscosity, spectral ab- 
sorbance and Rl measurements has been recently 
reported in the literature [39]. Future work will 
tend towards applying the DSTD as a detector in 
liquid chromatography and developing FIA 
methodologies for analyzing mixtures of surfac- 
tants where the ion-pairing agent is present in the 
carrier solvent so that the enhancement effects can 
be realized. 
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Abstract 

A chemical sensor for gas phase measurements is reported which combines the principles of chemical separation 
and fiber optic detection. The analyzer incorporates an annular column chromatographic sensor. constructed by 
inserting a polymer-clad optical fiber into a silica capillary. Light from a helium-neon laser is launched down the 
fiber, producing a steady intensity distribution within the fiber. but a low background of scattered light. When sample 
vapor is introduced to the sensor. and an analyte-rich volume interacts with the polymer cladding, chromatographic 
retention is observed .+znultaneous/~~ with a change in the local refractive index of the cladding. An increase in 
cladding refractive index (RI) causes light to be coupled out of the fiber, with detection at a right-angle to the annular 
column length to provide optimum S:N ratio. This detection mechanism is called mode-filtered light detection. We 
report a gas chromatographic separation on a 3.1 m annular column (320 /lrn id. silica tube. 228 pm o.d. fiber with 
a 12 jlrn fluorinated silicone clad) of methane, benzene, butanone and chlorobenzene in 6 min. The annular column 
length was reduced to 22 cm to function as a sensor, with selected organic vapors exhibiting unique retention times 
and detection selectivity. The detection selectivity is determined by the analyte RI and the partition coefficient into 
the cladding. The calculated limit of detection (LOD) for benzene vapor is 0.03% by volume in nitrogen, and several 
chlorinated species had LOD values less than 1%. For binary mixtures of organic vapors, the detected response 
appears to be the linear combination of the two organic standards, suggesting that the annular column may be useful 
as a general approach for designing chemical sensors that incorporate separation and optical detection principles 
simultaneously. 

Kq+cord.s: Chemical sensor: Chemical separation: Fiber optic; Gas chromatography; Mode-filtered light detection 

1. Introduction 

There is continued interest in the development 
of fiber optic-based chemical analyzers for use in 

* Corresponding author. 
’ Presented at the Seventh International Conference on 

Flow Injection Analysis (ICFIA ‘95). held in Seattle, WA. 
USA, August 13-17. 1995. 

on-line monitoring systems for process analysis, 
as well as in environmental and clinical applica- 
tions. Optical methods for gas sensing have sev- 
era1 advantages over conventional chemical 
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methods, which include the possibility of fast, 
remote, selective, nondestructive, and safe detec- 
tion [l]. Much of the work in this field is aimed 
towards taking advantage of optical fibers as the 
intrinsic sensing element. Fiber optics are able to 
act as sensors because their light-carrying ability 
is dependent on the physical nature of the fiber 
core and the surrounding cladding. If the core or 
cladding is altered by analyte interaction, the 
modulation of the guided light can be used for 
analyte detection. A large portion of the fiber 
optic sensors in the literature are evanescent wave 
sensors [l-6]. Evanescent wave sensors rely on 
the analyte modulation of the evanescent field. 
which is that portion of the guided wave power 
distribution residing outside the fiber core. An 
absorbing species will interact with the evanescent 
field, and the transmitted light at the fiber exit will 
show a decrease in intensity for the wavelengths 
absorbed. Many evanescent field sensors are com- 
monly used for liquid phase detection [2-41. Sen- 
sitivity improves with increased analyteievanes- 
cent field interaction, which is why lengths of 
exposed fiber up to several meters have been used 
[2]. Fewer examples exist for evanescent field de- 
tection in the gas phase [1,5,6]. The sparseness is 
mainly due to the gas medium being a thousand- 
fold more dilute, making trace component detec- 
tion that much more difficult. Efforts have been 
made to improve sensitivity by tapering the ex- 
posed fiber section [13], or by preconcentrating 
analytes into the polymeric cladding [5]. 

An alternative mode of detection involves mon- 
itoring the refractive index (RI) of the cladding. 
The number of paths, or modes, that light can 
propagate along an optical fiber are constrained 
by the relative RIs of the core and cladding. 
Changes in RI of the cladding after the allowable 
modes of propagation, and thus the transmission 
properties of the fiber. If analyte partitioning 
changes the cladding RI, the change in transmit- 
ted light allows for analyte detection. In a conven- 
tional sensing configuration, changes in the 
intensity of transmitted light are monitored [7- 
111. As with evanescent wave detection, a draw- 
back of this detection method is that small 
changes in a large background need to be dis- 
cerned. We have been investigating the use of 

optical fibers with the RI detection mechanism as 
intrinsic sensors in small volume systems, for 
which extended lengths of exposed fiber are un- 
suited [12,13]. Our work takes advantage of the 
idea that, instead of monitoring transmitted light, 
it is better to collect the mode-filtered light that is 
scattered normal to the fiber axis. The back- 
ground is substantially lower than transmitted 
intensity measurements, and the S/N advantage 
allows a shorter length of fiber to be used as the 
sensing element. 

Detecting from the side of the fiber can give the 
fiber additional selectivity [12,13]. By inserting a 
fiber into a transparent capillary tube, we have 
produced a configuration which provides chro- 
matographic information as well as detection 

A 

rotational stage 

w 

HeNe 
+---- nitrogen 

line 
I 

heated annular column 

B 

Fig. 1. (A) Schematic of annular column sensor: HeNe laser 
light focused with 5 x lens and launched at an angle of 25” 
into an optical fiber; this fiber goes into the capillary tube to 
form the annular column: headspace vapor is introduced to 
the column via the vapor injector; gas flow controlled with a 
needle valve; a second optical fiber carries light scattered from 
the annular column to a PMT. (B) Close-up of annular 
column: an optical fiber is inserted in a fused silica capillary 
tube, and gas samples flow in the channel between the fiber 
and the tube. Separation efliciency is improved by reducing the 
cladding thickness. d,. and the distance between the fiber and 
the tube, rz ~ I,. 
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(Fig. 1A). The fiber cladding functions as the 
stationary phase. allowing components in a sam- 
ple to migrate at different rates down the length 
of what we term an “annular column” (Fig. 1B). 
After a certain degree of separation has been 
achieved, the components pass the detection sec- 
tion of the fiber. The light that is mode-filtered 
and scattered at this point passes through the 
capillary tube and is monitored (Fig. 1A). This 
technique has been applied by us to speciate 
organics, primarily in aqueous phase samples 
[12,13]. This paper presents the rationale for 
mode-filtered light detection, and expands upon 
the application of the annular column sensor to 
gas phase analysis. First, we briefly describe the 
theory of mode-filtered light detection in the con- 
text of gas phase measurements. Second, the first 
report of a gas chromatographic separation on an 
annular column is presented. Third, the repro- 
ducibility of the gas sensor is considered. Finally, 
the simultaneous separation and detection of gas 
phase samples are reported. and a two component 
mixture deconvoluted using vapor standards. 

2. Theory 

Consider the two cases of measuring the change 
in transmitted beam intensity as shown in Fig. 2, 
along with a third case to be discussed shortly. 
With an incident beam intensity Z0 coupled into a 
fiber optic at a wavelength of negligible ab- 
sorbance, conservation of energy requires that I,, 
will be either transmitted as IT, or mode-filtered as 
I, due to the natural mode-filtering processes in 
the fiber optic as a result of the numerical aper- 
ture (NA) condition and scattering centers. This 
relationship is simply 

I” = IT + IF- (1) 

where IT is the transmitted beam background, and 
I, is the mode-filtered light background. The 
mode-filtered light signal, AI,, due to an induced 
change in the local NA along the fiber optic, is 
equivalent for both measurements shown in Fig. 
2, transferring from 2, to Z,, as I, remains con- 
stant: 
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IF 

B 
clad 
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‘SF 

I“... . . 
I, + AI, 

Fig. 2. Mode-filtered light detection mechanism: light propa- 
gates in a fiber if the critical angle 0, is less than the propa- 
gated angle 0. (A) A small fraction of light is filtered out of the 
side, I,. (B) A partitioning analyte with a RI greater than the 
cladding RI increases O,, resulting in OC > 0. Under this condi- 
tion more light is filtered out. Monitoring mode-filtered light, 
I,. has an S !V advantage over the traditional method of 
monitoring transmitted light. IT, See text for details. 

I, = (I, ~ AZ,) + (I, + AZ,) (2) 

The noise in the transmission measurement is 
proportional to IT, while in the direct mode- 
filtered light measurement, the noise is propor- 
tional to I,, assuming one is not shot-noise- 
limited in either case. If the ratio of the back- 
grounds is given as B, the ratio of noise levels is 

/Y = IT/Z, (3) 

Thus. the S/N ratio of the direct mode-filtered 
light measurement relative to the conventional 
transmission measurement at the end of the fiber 
is equal to /I, since the signal is AZF for both. As 
/I values are around lo- 100, there is a S/N 
advantage in measuring mode-filtered light di- 
rectly. 

While Eqs. (l-3) were derived with the entire 
fiber length in mind. a third case also warrants 
consideration. If one directly measures the mode- 
filtered light over a small fraction of the fiber 
surface area, @Zr,.. it follows from Eqs. (1) and (2) 
that both I, and AZ,. will be reduced by the same 
fraction, 4. Thus the S/N ratio for the case of 
measuring $I, should be equivalent to the second 
case, measuring all of IF, and will also be p times 
better than the conventional transmission mea- 



surement case. Again, this assumes that one is not 
shot-noise-limited. Use of a typical helium-neon 
or diode laser of 5 mW is generally sufficient to 
avoid a shot-noise-limited measurement. Now, the 
small area measurement, while providing opti- 
mum S/N ratio, also affords unique advantages to 
small volume chemical analysis which we are tak- 
ing advantage of in our design by monitoring 
light in only a narrow section of the annular 
column (Fig. 1A). 

The critical angle H, is defined as the minimum 
angle at which a light ray will be totally internally 
reflected at the core-clad interface (see Fig. 2). 
Light can propagate in a fiber for extended dis- 
tances only if the rays reflect at angles of H > H,. 
Since 8, is dependent on the relative RIs of the 
core and cladding through the equation 

sin 8, = nclad/ncore (4) 
where n is the RI of the core or clad, changes in 
nclad will affect the critical angle. Analyte parti- 
tioning into the cladding may change nclad, and 
the resulting critical angle change results in the 
mode-filtered light signal AZ,. For a small concen- 
tration of extracted analyte 

AI, = zA0, (5) 
where c1 is a proportionality constant that takes 
into account the light collection efficiency and the 
conversion of the light flux to the detected current 
[12]. The change in critical angle (Fig. 2) is quan- 
titatively related to experimental conditions, as 
given by 

Ad, = (nc,adjncc,rr ){(n - n,,,,)INA ~&C\.m (6) 

where n is the RI of the interacting chemical 
species, and NA is the numerical aperture of the 
fiber optic. The partition coefficient Kd describes 
the relative chemical affinity of a given chemical 
species between the solvent phase and the fiber 
clad, i.e. the relative concentration of a given 
species between these two phases. Essentially, Kd 
describes the enrichment one observes for the 
analyte concentration in the cladding over the 
initial concentration in the bulk solvent, given as 
C v.m, with units of volume fraction. Thus. the 
mode-filtered light signal to the first order is given 
by Eqs. (5) and (6) and is linear with respect to 

analyte RI, analyte concentration and K,, [12]. 
This paper presents data for analytes with appre- 
ciable sensitivity. Sensor response to analytes like 
pentane, which due to a low Kd value have a 
negligible sensitivity. are not shown, but the 
added selectivity for analytes with large Kd value 
should be recognized. 

3. Experimental 

The feasibility of performing chromatography 
with an annular column was demonstrated with a 
3.1 m section of 228 pm o.d fiber with a 12 pm 
fluorinated silicone cladding (removable jacket, 
fiber type HCR-H200B, Ensign-Bickford, Avon, 
CT) inserted into an equal length of 320 ,um i.d. 
undeactivated silica tubing (Polymicro Technolo- 
gies, Phoenix, AZ). Attached to the end of the 
column was a pressure restrictor. 20 cm of 50 pm 
id. silica tubing (Polymicro Technologies). The 
column was run at 120°C and 20 psi in a Hewlett- 
Packard 5890 gas chromatograph with splite in- 
jection and flame ionization detection. 

The remainder of the data was collected using a 
set-up incorporating optical detection (Fig. 1). 
The annular column consisted of the same optical 
fiber. inserted into a 530 /lrn i.d. fused silica 
capillary (J&W Scientific, Folsom, CA). Helium- 
neon laser light at 633 nm was focused with a 
5 x objective into 3.5 m of the polymer clad fiber, 
the last 20 cm of which was inserted into the 
capillary tube for exposure to vapor. Focusing the 
light into the fiber ensured that the limiting source 
of noise was due to intensity fluctuations of the 
laser and not shot noise. Care was taken to pre- 
vent damaging the fiber. as faults in the fiber 
could scatter light, which would interfere with 
light that scattered as a result of analyte partition- 
ing. The fiber was sealed to the tee end of the 
column (Fig. 1A) by gently clamping a ferrule 
down onto a piece of 0.010 in. i.d. PEEK tubing 
through which the fiber was inserted. A micro- 
positionable fiber chuck mounted on a rotational 
stage (Newport, Fountain Valley. CA) was used 
to control the angles at which light was coupled 
into the optical fiber. Light propagating near the 
critical angle 0, is more susceptible to mode filter- 
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ing upon perturbation of the cladding. The op- 
timum S/N ratio was obtained when light was 
launched at 25” normal to the fiber face, so 
that condition was used. This launch angle is 
just within the acceptance angle of 26”, result- 
ing in a large portion of the light propagating 
close to the critical angle. Nitrogen as the car- 
rier gas was introduced at 20 psi at the oppo- 
site end of the column, with a flow of 0.4 ml 
min ~ ‘, measured at the column outlet. Since 
the sensitivity of the device is dependent on an- 
alyte affinity with the cladding (K,, Eqs. (5) 
and (6)), which in gas phase studies can be 
varied with temperature, a temperature-con- 
trolled heating strip was placed along the annu- 
lar column, and both were wrapped in 
fiberglass insulation. The signal was recorded 
by measuring the light emitted from the side of 
the fiber through the capillary tube (polyimide 
coating removed) with a photomultiplier tube 
(PMT; type lP28, Hamamatsu). The elevated 
temperatures prevented the use of the PMT 
next to the column, so 1 m of a 500 ,um di- 
ameter core optical fiber from the PMT was 
butted perpendicular to the column with a tee, 
7 cm from the column exit, to collect the 
mode-filtered light. The proximity of the collec- 
tion and emission fibers allowed light from no 
more than a 1.5 mm length of the emission 
fiber to be monitored, despite the large 60” ac- 
ceptance angle of the collection fiber. A power 
supply operated the PMT at 700 V, and the 
signal was sent to a chart recorder or computer 
via a current-to-voltage converter (model 3A14, 
Pacific Instruments, Concord, CA). Figs. 4-6 
represent the signal after a 3 s moving average 
was applied to the raw data. 

Sample vapor was injected with a 300 ~1 in- 
jection loop using a lo-port electrically actuated 
valve with computer control (model EQ36, 
Valco, Houston, TX). An in-house system con- 
tinuously fed headspace samples through the in- 
jection loop from organic liquids slowly purged 
at ambient temperature with nitrogen. Injected 
vapor concentrations were estimated by com- 
paring the partial pressures of the samples to 
the total pressure in the purging vessel. 

4. Results and discussion 

An optical fiber inserted in a capillary tube 
allows the fiber cladding to function as a station- 
ary phase, providing a gas chromatographic sepa- 
ration in the annular column. As shown in Fig. 3, 
the annular column separates compounds based 
on their relative affinities to the fiber cladding. 
Earlier experiments without the inserted fiber 
showed no measurable retention of these com- 
pounds on the capillary wall at this temperature. 
As can be seen, the later eluting compounds are 
broadened considerably relative to methane. This 
phenomenon is not unexpected, given the thick- 
ness of the stationary phase. The polymer clad- 
ding is 12 Llrn thick, much thicker than traditional 
GC stationary phases, which are of the order of 1 
Llrn or less. As a result, the large resistance to 
mass transfer in the stationary phase slows the 
exchange rate of analytes between the stationary 
and mobile phases. In subsequent experiments, 
the inserted fiber provided detection as well as 
chromatographic modulation of compounds (Fig. 
1A). The emphasis for these experiments was not 
on the optimization of the chromatography per 
se. but instead on the development of the sensing 
aspect of the annular column. As a result, the 
column length was shortened to both simplify 
column preparation and reduce run times. 

Reproducibility of the gas phase sensor was 
then considered. Fig. 4 shows multiple headspace 
injections of benzene at 90°C which provides a 
measure of the system reproducibility. These data 

Time, min 

Fig. 3. Separation of methane (A). benzene (B), butanone (C), 
and chlorobenzene (D) on a 3.1 m annular column with flame 
ionization detection. run at 120°C. This Figure highlights the 
chromatographic ability of the annular column configuration. 
Band broadening of peaks is the result of the thick 12 /irn 
cladding. 
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Time, min 

Fig. 4. Annular column sensor response to seven benzene 
headspace injections, at 5% (v’v) in nitrogen at 20 psi. Re- 
sponses normalized by dividing analyte response into back- 
ground response. Intergrated area precision is 4.3% RSD. 

were corrected for light source intensity drifts by 
dividing the analyte response into the background 
response. The benzene concentration is 5% (v/v) 
in nitrogen, so the limit of detection is 0.03% (36) 
for the given run conditions. The relative standard 
deviation of the integrated response was 4.3%. 
which includes sample introduction error. The 
thickness of the cladding required a lengthened 
period of analyte exposure to the fiber before the 
sensor response equilibrated. The data therefore 
bear a stronger resemblance to steady-state sensor 
experiments than to chromatographic data. Note 
the low amount of background light relative to 
the analyte signal, which was collected by moni- 
toring the filtered light emitted from a small sec- 
tion of the exposed fiber. It is this feature of 
mode-filtered light detection that makes it possi- 
ble for the sensor to monitor its chromatographic 
capability. The traditional fiber optic detection 
mechanism, monitoring the transmitted light, is 
not sufficiently sensitive to measure analyte parti- 
tioning on such a small surface area, due to the 
high background. For transmission-type measure- 
ments, an extended length of exposed fiber is 
required to increase the analyte signal relative to 
the background. However, transmission-type 
measurements integrate the sensor response along 
the entire length of the fiber, which inhibits their 
use as chromatographic sensors. Operating the 
system at lower temperatures increased the parti- 
tioning into the cladding, which improved the 
detector sensitivity (Eq. (6)). However, at temper- 
atures approaching ambient, the sensor response 

CA 

0 
0 2 4 6 8 

Time, min 

Fig. 5. The annular column sensor provides selective temporal 
information for various species. Shown are responses to sepa- 
rate vapor injections of 23’%, (v/v) methylene chloride (M). 
II% chloroform (C), and 4’i;, trichloroethylene (T). 

became erratic. This behavior may result from the 
hardening of the cladding at lower temperatures, 
or from vapor condensation on the fiber surface, 
which would scatter light unpredictably. The cho- 
sen operating temperature was therefore a com- 
promise between detection sensitivity and sensor 
reliability. 

The separation and detection of analytes by the 
same device is demonstrated in Figs. 5 and 6. Fig. 
5 shows the superposition of three chlorinated 
compounds, and highlights the temporal selectiv- 
ity of the sensor. Detection limits are based on 
calculated injection concentrations of 23% 
methylene chloride (v/v), 11%1 chloroform, and 
4% trichloroethylene. Detection limits at three 
times the baseline noise level for methylene chlo- 
ride. chloroform, and trichloroethylene are there- - Fit 

c , 
q Mix 

o 2 4 6 8 
Time, min 

Fig. 6. Sensor response to headspace of a I:1 mixture of 
methylene chloride (M) and chloroform (C). Pure headspace 
injections of the two components were fit to this mixture, and 
the best fit using classical least-squares (CLS) also predicted a 
1: I mixture. Pure component responses are scaled so their sum 
is the best fit line. CLS required all the baselines to be centered 
at zero. 



fore 0.5% (v/v), 0.2%~ and 0.06% respectively. The 
varying detection limits of these compounds result 
from differing degrees of cladding preconcentra- 
tion (&, Eq. (6) combined with the magnitude of 
the RI difference between the compounds and the 
cladding (n - nclad, Eq. (6)). These detection limits 
highlight the fact that, for analytes with RIs 
different from the cladding RI, the annular 
column sensor is generally more sensitive to com- 
pounds with higher boiling points. which tend to 
preconcentrate in the non-polar cladding to a 
greater extent. This is because analyte boiling 
point is often correlated with the size of the 
non-polar group on the analyte. Fig. 6 shows how 
well the sensor responds to the headspace of a 1: 1 
mixture of methylene chloride and chloroform, 
relative to the sensor’s response to the pure com- 
ponents. Since the components in the mixture are 
not fully resolved in a chromatographic sense, 
quantitation of the mixture required fitting the 
pure component responses to the mixture re- 
sponse using classical least-squares. The best fit 
mixture is also shown in Fig. 6 as a superimposed 
line on the actual response. The best fit also 
predicts a 1:l concentration of the two compo- 
nents, implying that the signals are additive. Note 
that good quantitation does not require complete 
component resolution as long as the individual 
responses are distinct and reproducible [14]. 

5. Conclusion 

It has been demonstrated that the annular 
column fiber sensor configuration can provide 
chromatographic information in addition to just 
sensitive detection. This additional information 
endows the annular column sensor with more 
selectivity in the identification of analytes. Detect- 
ing mode-filtered light directly from the side of 
the fiber holds promise for obtaining improved 
detectability. Future developments of the annular 
column sensor include the replacement of the fiber 
cladding with diflerent coatings more suited to 

analyte partitioning. Reducing the thickness of 
the cladding will shorten the response time of the 
sensor and improve the chromatographic 
efficiency. The modified surface layer must still 
allow the fiber to conduct light efficiently. and it 
must be robust enough for extended use. 
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Abstract 

A new method of mixing sample and reagent due to the difference in their electrophoretic mobilities is introduced. 
Unlike electrophoretically-mediated microanalysis, sample and reagent are injected from the opposite ends of a 
capillary tube. This method is compared with electrophoretically-mediated microanalysis. Experiments are performed 
showing the possibilities of this new method. 

Keywords: Electroinjection analysis; Electrophoretically-mediated microanalysis 

1. Introduction 

Improvement of sample and reagent mixing 
without an increase in the product dispersion is 
very important for the maximization of flow-injec- 
tion analysis (FIA) sensitivity, especially in the 
case of rapid kinetic analysis. Mathematical mod- 
eling of FIA with a fast second-order reaction [l] 
showed that if sample and reagent were initially 
premixed then a shorter reaction tube will mini- 
mize product dispersion and maximize sensitivity 
of the analysis. Longer reaction tubes cause ex- 

pansion of the product dispersion due to the 
non-uniform flow profile. 

The imperfections of sample and reagent mix- 
ing in the mixing tees has been shown [2] and a 
much better way to mix sample and reagent with 
the help of a coaxial jet mixer was proposed [3]. 

ties. 

A new method of sample and reagent mixing 
called electrophoretically-mediated microanalysis 
(EMMA) was proposed and developed [4&7]. In 
the EMMA method, sample and reagent are 
mixed in the capillary electrophoretic system due 
to the difference in their electrophoretic mobili- 

* Corresponding author. 
’ Presented at the Seventh International Conference on 

Flow Injection Analysis (ICFIA ‘95), held in Seattle. WA. 
USA, August 13-17, 1995. 

The objective of this paper is to present another 
variant of sample and reagent mixing based on 
the same idea as EMMA and to introduce a new 
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variant of FIA. We have called this technique 
electroinjection analysis (EIA). and have com- 
pared its properties with EMMA. 

2. Idea of the method 

In both methods (EMMA and EIA) mixing of 
sample and reagent takes place in the capillary 
with the longitudinal electric field applied. In fact 
both methods were realized with the help of capil- 
lary electrophoresis systems built in the labora- 
tory. Mixing of sample and reagent in both 
methods is due to the difference in their elec- 
trophoretic mobilities. However, in EMMA, sam- 
ple and reagent are injected from the same end of 
the capillary while in our method sample and 
reagent are injected from opposite ends of the 
capillary. The principles of both methods are pre- 
sented in Fig. 1. In EMMA the slower reactant is 
injected first followed by injection of the faster 
one. As the faster one passes through the slower 
one, they will react and the product is then de- 
tected photometrically. In our method both reac- 
tants are injected simultaneously from opposite 

EMMA t 

Fig. I. Prmciples of the methods of EIA and EMMA 

ends of the capillary. They meet in the capillary, 
pass through one another and react. As can be 
seen from Fig. 1, in EMMA there is some critical 
minimum length needed to mix sample and 
reagent. This is determined by M’,~~, which is 
equal to sample length, and by the difference in 
the electrophoretic mobilities of the reactants: 

I,,, = t,,, p,E = 1L‘,,,, 
be& 

iusE = 2 (Pep.s + P”SnJ 
CP 

where 1 lnlx is the mixing length, t,,, is the mixing 

time, ps = pep \ + km is the sample mobility, 

be,, = /lep.s - ill,,, r is the difference in elec- 
trophoretic mobilities of sample and reagent, posm 
is the electroosmotic mobility and E is the electric 
field strength. So, the smaller the difference in 
electrophoretic mobilities of the reactants the 
longer the mixing tube must be. According to EIA 
one can mix sample and reagent in very short 
tubes. In fact tube length is limited only by the 
sum of the initial sample and reagent lengths. 
When comparing EIA and EMMA, the question 
of analytical capabilities naturally arises. What 
are the possible samples and reagents for both 
methods? Are there any restrictions? In both 
cases, the capillary must be filled with some liquid 
with non-zero conductivity. In both cases, at least 
one of the reactants must be charged. In both 
cases, total velocity of the reactant is equal to the 
sum of its electrophoretic velocity and the elec- 
troosmotic velocity of the liquid in the capillary. 
Due to the presence of electroosmotic flow during 
EIA one can mix not only oppositely charged 
reactants but also neutral and charged reactants. 
Even reactants with the same charge can be mixed 
if one of them has low molecular weight and the 
other has high molecular weight. 

Let us assume that the zeta potential of the 
capillary wall is negative (; < 0), then the eletroos- 
motic flow is in the same direction as the electric 
field. In order to mix positive sample ions (2, > 0) 
with negative reagent ions (z, < 0) having total 
velocities equal to 

then one must satisfy the condition r.:, > 0, i.e. 



lilkpr/ > l&\ml (3) 

and this condition is quite natural for low molecu- 
lar weight reactants. The same condition must be 
fulfilled if one of the reactants is neutral (z, = 0) 
and the other is negatively charged (r, < 0). then 
the first one is carried by the electoosmotic flow 

c, = I/G,@ (4) 

and the second one must have an electrophoretic 
mobility larger than the electroosmotic mobility. 
If both reactants are negatively charged (2, < 0, 
zr < 0) then: 

1;s = +(,,,1 - l/l,,, $E (5) 

~:r = (l~U,,,.rl - l~<,vnl)E (6) 

and in order to mix reactants one must have: 

IPepsI < IPlorml (7) 

IPep.r/ > l/-&ml (8) 

Condition (7) is natural for high molecular weight 
reactants while condition (8) is natural for low 
molecular weight reactants. Sample and reagent 
are quite interchangeable, so one can mix with the 
help of EIA not only high molecular weight sam- 
ples and low molecular weight reagents, but also 
low molecular weight samples and high molecular 
weight reagents. The rule is simple: the reactant 
that is injected in the direction opposite to the 
direction of the electroosmotic flow must have a 
high eletrophoretic mobility. 

If the zeta potential of the capillary wall is 
positive then the same conditions must be fulfi- 
lled, but the signs of the charges of the reactants 
must be reversed and so positively charged reac- 
tants can be mixed if one of them has a low 
molecular weight and the other has a high molec- 
ular weight. If the zeta potential of the capillary 
wall is equal to zero then the reactants must have 
opposite charges in order to be mixed. 

When using EMMA one can easily mix reac- 
tants with electrophoretic mobilities having the 
same sign as /L(,,,,. However, if the sign of elec- 
trophoretic mobility of one of the reactants is 
different from the sign of electroosmotic mobility, 
then the electrophoretic mobility must be smaller 
than the electroosmotic mobility of the liquid in 

the capillary, and this is natural for high molecu- 
lar weight reactants. This is probably the reason 
why EMMA was proposed and realized for bio- 
chemical reactions. EIA can be used for low 
molecular weight objects as well. 

As can be seen, both EIA and EMMA have 
some limitations so far as the values and signs of 
the electrophoretic mobilities of the reactants are 
concerned. However, virtually any pair of reac- 
tants can be mixed either by EIA or EMMA, 
except in the case where both reactants have zero 
charge. In fact, these are not confliciting methods 
at all. They can be combined, as is shown in the 
following section of the paper, or realized with the 
same instrument-a capillary electrophoresis sys- 
tem with two samplers, designed so as to be 
capable of injecting reactants from both ends of 
the capillary simultaneously. However, in the case 
where electrophoretic mobilities of the reactants 
have values that permit the use of either method, 
it seems that EIA has some advantages over 
EMMA. Firstly, the possibility to use very short 
capillaries for EIA, and consequently to use lower 
electric fields, was previously mentioned. Sec- 
ondly, in EMMA cross contamination of sample 
and reagent is possible at the introduction end of 
the capillary. During EIA this is impossible be- 
cause sample and reagent are injected through 
opposite ends of the capillary. Thirdly, in the case 
of sorption of the reactants on the capillary wall 
during EMMA, there might be chemical interac- 
tion between moving and sorbed ions which might 
lead to the tailing of the product peak. However, 
in EIA, sample and reagent move in different 
paths and such interaction is impossible. Finally, 
during EMMA reactants are injected one after 
another, in comparison to EIA where they can be 
injected simultaneously electrokinetically. This 
seems to be an advantage not only in so far as the 
time of analysis is concerned. This simple type of 
injection seems to be the optimal one at least for 
the fast chemical reactions with neutral product. 
Let us assume the ideal situation where the reac- 
tion rate is much higher than the rate of elec- 
trophoretic transport, concentrations of both 
reactants are equal, and neutral product is pro- 
duced. Then this situation may be described by 
the simplistic model presented in Fig. 2. Ideally an 
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7 

4 -T 
Fig. 2. Simplistic mode1 of sample and reagent mixing in EIA. 

infinitely thin product zone will be formed when 
point b meets point c at the same place where 
point u meets point d. Coordinates of these points 
are determined by the following simple equations: 

x ‘&$ = (I - xu‘t)/t)z (9) 

(x,,. - 1,)/c, = (I- l2 - x,,)/tlz (10) 

where I is the length of the capillary, u, and ~1~ are 
the velocities of reactant transport and I, and I7 
are the initial lengths of the reactant zones. Then 
from x,~, = x,,~, it follows that the simple condition 

u4 = kh = (Apz + ~~o.\“,MP,pl + &s,) (11) 

can easily be satisfied if the reactants are injected 
electrokinetically and simultaneously by simply 
putting the ends of the capillary to the sample and 
reagent bottles and applying a high voltage to 
them. 

3. Experimental 

Preliminary experiments to demonstrate the ex- 
perimental realization of EIA were performed 
with the help of a capillary electrophoretic system 
made in the laboratory. The system is presented in 
Fig. 3. The main difference from the usual capil- 
lary electrophoresis system is that we have in- 
cluded two samplers and the potential to inject 
reactants from both ends of the capillary simulta- 
neously. The inner diameter of the quartz capil- 
lary was 100 pm. The potential difference applied 
to the capillary in most of the experiments was 15 
kV. Most of the capillary. with the exception of 
the sample and reagent zones, was filled with 
distilled water. As a result very low electrical 
current was observed (it was never larger than 10 
PA), and thus no problems with Joule heating 
occurred. Fig. 4 presents the typical peak for the 
well-known analytical reaction between Fe’ + ions 
and sulfosalicylic acid. The sample, standard 

Fig. 3. Capillary electrophoresis system used for EIA experi- 
ments: (1) quartz capillary; (2) lamp; (3) titter: (4) photodetec- 
tor; (5) analog recorder: (6) power source; (7) air pump: (8.9) 
samplers. 

aqueous solution of Fe 3+ ions, and the reagent, 
0.5% solution of sulfosalicylic acid, were electroki- 
netically injected simultaneously through opposite 
ends of the capillary. The injection time was 40 s. 
Approximately 10 min after the injection the 
product peak was detected photometrically at 2 = 
430 nm. The experiments were performed for 
sample concentrations varying from 10W5 g 

tl Lr i 1 
L-i . - 

-  /Dmin 
rnput 

Fig. 4. Typical peak of the product of the analytical reaction 
of determination of Fe” with the aid of sulfosalicylic acid. 
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Fig. 5. Logarithm of the detector output vs. sample concentra- 

tion for determination of Fe’+ and Ti’ ’ : (*) Fe‘ + : ( I?) 

TP * 

ml ‘-10 ’ g ml ’ and the resulting calibration 
curve (dependence of the logarithmic detector 
output vs. concentration) was practically linear 
(see Fig. 5). 

The analytical reaction in the determination of 
Ti4 + ions using hydrogen peroxide and sulfuric 
acid was also realized. Actually, it was a combina- 
tion of EIA and EMMA because two reactants. 
Ti4 + and hydrogen peroxide, were sequentially 
injected from one end of the capillary and sulfuric 
acid was injected from the opposite end of the 
capillary. The product of the reaction was de- 
tected photometrically at i = 580 nm. A series of 
three injections is presented in Fig. 6. The same 
range of sample concentrations as in the case of 
the determination of Fe3+ ions was studied. 
Results of the experiments are presented in Fig. 5. 
The detection limit for both reactions appeared to 
be nearly the same and equal to 10 ~ ’ g ml ’ with 
the signal-to-noise ratio equal to 3. This detection 
limit is rather close to the detection limit reported 
in Ref. [7] for EMMA of ethanol and could be 
significantly improved by well-known methods 
used to enhance the sensitivity of absorbance 
detectors, such as using z-cells [8] or multireflec- 

tion cells [9]. 
Of course the results presented are preliminary 

ones and much more experimental work must be 
done. The objective of presenting these experi- 
mental results is to show the possibility of the 
experimental realization of EIA and the possibil- 
ity of combining EIA and EMMA. Either of these 
methods or their combination can be realized with 
the help of a simple capillary electrophoretic sys- 
tem designed in such a way as to be capable of 
injecting reactants from both ends of the capillary 
simultaneously. 

4. Conclusion 

The new EIA method shares the advantages of 
EMMA: minimal volumes of analyte and reagent 
(nanoliters), minimal dispersion of the product 
and the possibility to separate analyte from the 
matrix components due to the intrinsic separative 
capacity of electrophoresis. EIA and EMMA can 
be combined to realize chemical reactions with 
several reagents. There are also some advantages 
of EIA when compared with EMMA, among 
them the possibility to prevent cross contamina- 
tion of sample and reagent since they are injected 
from opposite ends of the capillary. EIA has a lot 

Fig. 6. Series of three experiments for the determination of 

Ti“+ with the aid of hydrogen peroxide and sulfuric acid. 
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of potential as far as micromachining is con- 
cerned. because to realize EIA on a microchip one 
need not have moving parts for sample injection, 
or even an injection cross that was used in the 
microchip variant of CE [lo]. The simpliest EIA 
could be realized on a microchip with just the 
help of one microgroove with a micro reservoir at 
each end. 
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Abstract 

There has been a rapid growth in the development of field-portable analytical instrumentation capable of in-situ 
and real-time feedback of data from remote sites. Advances have been made in applications for many technologies 
aided by developments in electronics. computing and telecommunications systems. This report presents a brief review 
of these developments and particularly of portable flow-injection systems applied in both the liquid and gas phase 
modes of operation with potentiometric sensors and gas sensors of the tin-oxide semiconductor types. 

Kqwords: Air pollution; Portable flow-injection systems; Water pollution 

1. Introduction 

The aim of this paper is to present a range of 
applications of portable monitors for the analysis 
of various aqueous and gas samples. For the 
analysis of aqueous samples, a multi-cell consist- 
ing of potentiometric sensors has been investi- 
gated in the flow-injection mode. Multiple sensors 
have been employed in flowthrough cells in which 
the cells-in-series concept has been applied to 

* Corresponding author. Fax: ( + 61) 03-24-3839: e-mall: 
Peter.Alexander(a!physsci.utas.edu.au 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA ‘95), held in Seattle, WA, 

USA, August 13- 17. 1995. 

measure various anions with improved sensitivity 
over conventional single-cell systems. A portable 
multi-sensor monitor has also been developed us- 
ing tin-oxide semiconductor sensors to monitor 
various gases and vapours. 

The emergence of monitoring portability is con- 
tingent on recent advances in the development of 
chemical sensors, biosensors, gas sensors and dis- 
posable test strip sensors. Combinations of sen- 
sors with electronic transducers allows conversion 
of molecular or ion recognition response into an 
electrical signal which is then used to determine 
the analyte concentration. Chemical sensors have 
the potential to form the basis of low-cost, long- 
term monitoring devices as shown in Table 1 
which lists the types of sensor configurations re- 

0039-9140,961 S 15.00 t 1996 Elsevier Science B.V. All rights reserved 

SSDI 0039.9140(95)01838-7 



Table I 
Components required for construction of sensors 

Recognition 
elements 

Complexing agents 
Ionophores 
Antibiotics 
Ion exchangers 
Antigens 
Antibodies 
Enzymes 

Sensing 
layers 

PVC 
Gels 
Cellulose 
Epoxy 
Graphite 
Nation 
Solid state crystals 
Glasses 

Electronic 
transducers 

Electrodes 
Transistors 
Optical fibres 
Photodiodes 
Thermistors 
Semiconductors 
Piezoelectric crystals 
Surface acoustic 

wave devices 

Detection 
methods 

Electrochemical 
Optical 
Thermal 
Mass changes 
Conductivity 
Impedance 
Frequency 

ported previously [1,2]. In addition, there are now 
available many options based on miniature ver- 
sions of conventional laboratory instruments, 
such as gas chromatography [3]. 

The ideal type of monitor is one which has 
automated sample introduction and calibration. 
self-cleaning capabilities, in-built algorithms for 
sample analysis, and provides data storage, data 
plotting and telecommunications options. Table 1 
indicates the various components used in sensor 
configurations to produce portable monitors. The 
possibilities for remote site monitoring depend on 
the weight and power requirements of the moni- 
tor, as listed in Table 2. Classifications may be 
arbitrarily assigned as being fixed-site, trans- 
portable, portable, submersible, or hand-held 
analysers. The monitor types developed particu- 
larly of portable operation and applications are 
summarised in Table 2. Power consumption is a 
most important parameter to be considered. 

1.1. Tramportables 

Advances have occurred with regard to devel- 
opment of transportable instruments in many 
areas including mass spectrometry, gas chro- 
matography, ion mobility spectrometry, infrared 
and UV spectroscopy, X-ray fluorescence and 
laser radar spectroscopy. A review has recently 
been published [3] on these techniques which re- 
main highly costly. However, the relatively low 

cost person-portable and hand-held types of mon- 
itors have undergone remarkable advances in the 
last 10 years due to the improvements in sensor 
design and miniaturised electronics and comput- 
ing mentioned above. The main advances have 
been made in molecular and ion analysers, and 
gas and vapour analysers. These are applicable in 
many of the areas of technology mentioned be- 
low. 

1.2. Chemical ion sensors 

Relatively low cost portable monitoring tech- 
niques have been produced and are based on 
flow-injection analysis, electrochemistry, chemical 
sensors, gas sensors, biosensors, and filed test kits. 
Portable devices have been developed for a range 
of applications such as medical, automotive, in- 
dustrial, food processing and production, domes- 
tic water production, mining, forensic and 
legislative, oceanographic and environmental ar- 
eas, particularly for monitoring of water quality 
and air pollution. Reviews mentioned above on 
flow-injection techniques for water monitoring 
and air pollution monitoring have been published 
[l-3]. 

Many application areas are in environmental 
chemistry. User-friendly, field-portable instru- 
ments of low cost are now available so that 
on-the-spot testing can be performed at suspected 
sites of pollution and also for other quality assur- 
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Table 2 
Classification of remote-site and portable monitors 

Type Weight Applications 

Fixed-site > 100 kg Bench top instruments 
in remote-site housing 

Transportable > IO kg Mobility in cars, boats, aircraft 
Portable < IO kg Man-portable in backpacks 

or shoulder packs 
Hand-held < 0.5 kg Pocket-sized instruments 
Submersible Variable Designed according to 

depth requirements 

ante tests which may need to be carried out at 
sites remote from chemical laboratories [4]. The 
advent of portable notebook computers interfaced 
to appropriate electronic data acquisition systems 
has made this possible. Data loggers are alterna- 
tives to using notebook computers for long-term 
operation in remote sites. Communication sys- 
tems have also decreased in price to such an 
extent that it has become feasible for field opera- 
tion with direct transmission of data back to 
central laboratory computers by use of cellular 
telephones which can be operated at acceptable 
costs. The use of portable chemical monitors has 
therefore taken on a new dimension whereby 
many non-technical personnel can have access to 
such systems for monitoring and surveillance pur- 
poses. Table 3 shows the types of species de- 
tectable with low-cost ion sensors applicable in 
portable flow-injection analysis (FIA) monitors 
[5-71 and in ion chromatography [8] in place of 
the large conventional ion-selective electrodes. 

The portability is based on low-cost miniature 
flowthrough cells containing potentiometric 
metallic electrode sensors which can be coated 
with polymer membranes for ion selectivity. The 
design of a single cell is shown in Fig. 2. The 
metallic copper electrode responded to various 
anionic and cationic species shown in Table 3. 

1.3. Multi-sensor arrays in FIA 

Combinations of these cells in a single FIA 
system have been used for improved sensitivity in 

potentiometric detection of chloride and cyanide 
[lo- 121, and have been applied in portable FIA 
systems [13] with up to three ion sensors for 
potassium, sodium and nitrate [14]. A four-sensor 
cell has been reported [ 151 with ion-selective mem- 
brane electrodes for potassium, calcium, nitrate, 
and chloride, as well as screen printing technology 
for batch fabrication of integrated chemical sen- 
sor arrays [16] for potassium, ammonium, calcium 
and pH. 

1.4. Test kits, disposable test strips and 
subnwrsible probes 

Portable field kits based on calorimetric analy- 
sers [17] are available for a wide range of pollu- 
tants and nutrients. These require reagent 
solutions specific for the analyte, and a field- 
portable photometer equipped with a data-logging 
facility. Metal cations, inorganic anions and some 
types of organic and bio-pollutants can be deter- 
mined. Up to 120 preprogrammed calibrations are 
possible. Immunoassays and enzyme assays have 
also been reported based on colour-forming 
reagents. Pesticides and coliform testing are exam- 
ples of applications. 

Field-portable and submersible electrochemical 
probes and other electrochemical methods such as 
anodic stripping voltammetry for trace toxic 
metals have been described. Test kits are also 
available based on submersible electrochemical 
probes for dissolved oxygen, pH, chloride, con- 
ductivity, and temperature. Hand-held pH meters, 
conductivity, and oxidationreduction potentials 
have become commonly used, and compact ion 

Table 3 
Chemical species detected with metallic copper electrode 
sensors [5 81 

Amino acids Carbohydrates Organic acids 
Oxidising agents Organic complexes Enzyme and 

substrate 
Metallic cations Reducing sugars Inorganic anions 
Organic amines Carboxylic acids Fatty acid 
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Carry case 

Control circuit 

Carrier Air Inlet or 
liquid inlet 

Fig. 
pump and sensors used. 

Block diagram of the portable monitor showing the general purpose design for either liquids or gases, depending on 

meters based on planar membrane ion-selective 
electrodes are available for pH; nitrate, chloride, 
calcium, potassium and sodium. Portable digital 
voltammeters have been produced for anodic 
stripping determinations of trace metals. 

Disposable test strip methods have also become 
available based on the early work on blood 
glucose sensors [ 181. Reflectance spectroscopy 
has been used with test strips coated with immo- 
bilised reagents which react to produce a colour 
change [ 181. Reflectance meters are available 
as small as pocket size for a wide range of 
analytes including glucose, ammonium ions. 
ascorbic acid, copper, iron, lead, phosphate, 
and sulfite. Amperometric methods and anodic 
stripping voltammetry have also been used 
as portable methods for test strip sensors. 
The amperometric blood glucose test strip analy- 
ser has been developed [ 191 in the shape and 
size of a ball-point pen, and has become highly 
successful. Hand-held anodic stripping voltamme- 
ters have been produced [20] based on disposable 
test strips containing the electrode sensors for 
copper and lead in water samples. These develop- 
ments are proving of immense value in many 
fields of technology, allowing for rapid tests to be 
performed in the field. 

the 

I .5. Gus sensors 

Gas sensors have been developed for many 
applications, and a number of types of sensor are 
available [21]. Portable and hand-held monitors 
are available for many toxic gases including car- 
bon monoxide, sulfur dioxide, nitrogen oxides, 
hydrogen sulfide, and volatile organic com- 
pounds. The sensors are of numerous types in- 
cluding electrochemical, tin-oxide semiconductors, 
piezoelectric, surface acoustic wave, infrared, 
photoionization, and thermal conductivity devices 
Pll. 

In the present paper, we review developments 
of portable analysers and report on new flow-in- 
jection monitors for liquids which can also be 
operated in the gas phase mode. The portable 
liquid FIA systems developed are based on both 
single-cell and multi-cell potentiometric sensors 
applied for the detection of potassium, chloride, 
nitrate and cyanide. For gas analysis, methods for 
detection of various gases such as carbon monox- 
ide and total hydrocarbons from car exhaust, and 
volatile alcohols such as ethanol in beverages, are 
also reported using tin-oxide semiconductor gas 
sensors in portable monitors. Diamond [22] has 
published a review on electrochemical sensor ar- 
rays for the analysis of aqueous samples based on 
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potentiometric, amperometric and voltammetric 
modes as well as recent advances of gas analysis 
based on the development of the electronic nose. 

2. Experimental 

2.1. Design of the portuble liquid monitors 

The data presented in this paper were recorded 
using portable FIA instrumentation previously 
developed [13,14]. Both the liquid and gas analy- 
sers were designed in a similar way, as shown 
in Fig. 1. The electronic circuit, pump and 
flowthrough sensor cells were constructed in a 
carry case. For liquid analysis, cells containing 
ion-selective electrodes (ISEs) were used with a 
two-channel peristaltic pump (Alitea, OEM-S2) to 
introduce liquid samples into the flow cell. Flow 
rates could be varied in the range of l-8 ml 
min’. Manual injections were performed using a 
Rheodyne-type 5020 rotary injection valve with 
replaceable sample loops varying in volume from 
20-200 ,Ul. 

Numerous types of flow cells have been de- 
signed and employed for the analysis of liquids. 
Two types of flowthrough cells were employed in 
this study. Firstly, a flowthrough perspex block 
using wire indicator electrodes ( < 0.5 mm id) has 

1 
solution 

s3 
in 

s2 

Fig. 2. Multi-sensor potentiometric cell for flowinjection 
analysis with up to six metallic sensor electrodes (Sl...) and six 
Ag/AgCl reference electrodes (RI . ..). constructed of perspex, 
length 120 mm. Gdth 50 mm, internal flow path 1.0 mm 
diameter. 

- PWSPCC 
body 

Top View 

Flat type ISE 

Llqud polymer 
membrane 

R&KlKX 
electrode I 

Flow 
chanhel 

Side View 

Screw 

P&spa 

Llqud 
body 

polymer 
membrane 

Fig. 1. Top and side views of a flow cell housing a planar 
design liquid-polymer-membrane-based potassium ISE. 

been employed with our portable flow-injection 
monitor which has been described previously [9], 
and combinations of these cells have been made 
for studying multi-sensor response [ 141. A six-cell 
system has also been constructed containing six- 
sensor electrodes and six-reference electrodes and 
has also been described previously [l l] and is 
shown in Fig. 2. The total volume of the 
flowthrough cell was approximately 120 ~1, the 
flow rates used were typically l-2 ml min ’ and 
the carrier stream was seawater. The second flow 
cell design employed a commercial potassium pla- 
nar-type ISE obtained from Horiba Ltd. (Japan) 
that was assembled in a flowthrough cell for 
flow-injection analysis, as shown in Fig. 3. The 
potassium planar ISE employed was a liquid- 
polymer-membrane-based electrode, and the cell 
volume was approximately 500 ~1. Much higher 
flow rates of up to 6.8 ml min -’ were used with 
this cell due to the larger dead volume and the 
carrier stream employed was 10 mM lithium ac- 
etate. 

2.2. Gas malyser design 

The hand-held monitor was designed and con- 
structed in-house and is the subject of a provi- 
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Table 4 
Single and multi-cell response characteristics for several amens and cations 

Ion 

Cyanide 
Chloride 
Nitrate 
Potassium 

Sensor No. of Slope Det. limit Interferences 
cells (mV decade-‘) @Pm) 

- .- 

Copper 6 - 370 0.04 S’-, I-SCN 
Ag/AgCI 6 ~ 360 0.01 S’-, I-SCN-. CN- 
Polypyrroledoped 3 ~ 153 0.02 .S-. ClO,-, Cr,O,*- 
Valinomycin 1 51 0.02 Nat. Ca’*. Mg’+ 

Response Time [Mini 

Fig. 4. Peak height response observed for cyanide using six 
metallic copper electrodes: (A) 5 ppm; (B) IO ppm: (C) 20 
ppm; (D) 40 ppm; (E) 60 ppm: (F) 80 ppm; (G) 100 ppm 
cyanide in FIA mode. 

sional patent [27]. The analyser was fitted with 
two Taguchi-type sensors (TGS812 and TGS824) 
obtained from Figaro Inc. (Osaka, Japan) and 
built into a flowthrough compartment. The gases 
were pumped through the compartment using a 
diaphragm pump at a flow rate of 1 1 min ‘. The 
sensors and pump were controlled by an electrical 

circuit described previously and operated with a 
rechargeable NiiCd battery pack of 7.2 V and 1.4 
A h output. 

The data from both the liquid and gas analysers 
were acquired using an eight-channel, 12-bit 
analog-to-digital converter (ADC) with a serial 
output at 9600 baud rate with RS-232C serial 
output to a notebook computer (Macintosh Pow- 
erbook 150). The ADC, the pump and the control 
circuit were powered with a 7.2 V rechargeable 
Ni-Cd battery pack. The total weight of the 
system was about 2 kg. 

The acquired data from either the liquid or gas 
analyses were displayed in real time millivolt read- 
ings plotted as a function of time using a data 
acquisition program titled Satod’ (Ver. 1.37) and 
were saved as text files. The software package 
IGOR PRO (AD Instruments, Sydney, N.S.W.) 
was used for data analysis and graphical represen- 
tation of the data. 

3. Results and discussion 

3. I. Results jbr the j7olv-injection potentiometric 
undJ~sers 

As an example, the portable system described in 
Section 2 has been successfully used for ISE anal- 
ysis [13,14] with both conventional ISEs in 
flowthrough cells and with a three-sensor array of 
planar electrodes. The FIA output for a cyanide 
six-cell monitor with metallic copper sensor elec- 
trodes is shown in Fig. 4, illustrating the well- 
defined peaks obtained with a response slope of 
- 370 mV decadee’ change in concentration. 



J 

I K' 
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Fig. 5. FIA peaks for the planar-designed potassium ISE in 
the flow-injection mode. The carrier was 0.01 M lithium 
acetate. the flow rate was 6.8 ml mine ’ and the injection 
volume was 100 111. 

The data show the very high peaks obtained by 
use of the cells-in-series approach with an array of 
sensor electrodes. Various other sensor arrays 
have been employed in FIA techniques as men- 
tioned above. Batch injection analysis (BIA) has 
been introduced by Wang and Chen [23] and by 
Diamond et al. [24]. Wang et al. [25] have also 
developed a remote sensor electrode for potentio- 
metric stripping analysis. 

Similar results have been obtained with chloride 
and nitrate using six-cell and three-cell systems 
respectively, as reported recently [26]. Table 4 
summarises the data obtained for these cells. 
Clearly, the electrode responses for cyanide, chlo- 
ride and nitrate were enhanced in a multi-cell 
arrangement and improved sensitivity and detec- 
tion limits were observed. 

With a new approach. a planar electrode for 
potassium has been successfully employed for 
FIA. The data show excellent peak formation, as 
shown in Fig. 5, giving a response slope of 50.7 
mV decade ’ using a 0.01 M lithium acetate 
background in FIA mode. In this case the injec- 
tion volume was 100 ~1. The observed slow return 
to baseline for the higher potassium ion concen- 
tration was the result of the dispersion of the 
injected sample zone, due to the relatively large 
surface area of the electrode used in this arrange- 

ment. The calibration data are shown in Table 4. 
The possibility of using the planar design in a 
serial array of sensor electrodes has been recently 
reported [ 141. Thus. many possible combinations 
of sensor electrodes should be possible with the 
portable monitoring system reported here. 

3.2. Results ji)r gas sensors 

Tin-oxide semiconductor sensors are widely 
used in gas vapour monitors [21]. These devices 
are limited by lack of selectivity, sensitivity, and 
reproducibility. However, recent developments 
have led to much improved performance in hand- 
held monitors employing the Figaro-type gas sen- 
sors [27,28]. Fig. 6 shows some data for the 
response of hydrocarbons using a portable gas 
sensor device recently developed [27] with dual 
semiconductor sensors. The peak heights recorded 
in Fig. 6 are dependent on the concentration of 
total hydrocarbons in a sample, and vary linearly 
with the log concentration of hydrocarbons with 
only a limited working range. 

3.3. Monitoring cm exhaust emissions 

Carbon monoxide (CO) and total hydrocarbons 
(THC) can be monitored using the dual tin-oxide 

U” 
I I I I 

0 100 200 300 4oc 500 

Time Isecs) 

Fig. 6. Peaks recorded njith the portable gas analyser for 
various concentrations of a Cl C6 hydrocarbon mixture. The 
sensors used were: sensor I, TGS824; sensor 2. TGS812. 
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*- * 
5 mins 

Fig. 7. The response of two types of Figaro gas sensor in the 
portable monitor observed for the following conditions: (a) 
peaks during the acceleration of the motor; (b) during idling of 
a 1983 Toyota Corolla. 

Celica and the Corolla are given in Fig. 8, the 
former being fitted with a catalytic converter to 
reduce emissions. These profiles show the calcu- 
lated CO and THC concentrations expelled from 
these cars. Clearly Figs. 8A and 8B show that the 
CO and THC concentrations are the lowest when 
idling (plateau region), but acceleration caused a 
peak response for both cars. Fig. 8 shows that 
both the CO and THC levels are much higher for 
the Corolla than for the Celica when idling, but 
the THC levels are similar for both cars when 
accelerating. The performance of the hand-held 
monitor therefore offers a simple. low-cost 
method for real-time monitoring of car emissions 
by government authorities and hence a means to 
help reduce the pollution problem from vehicular 
exhausts. 

Carbon Monoxide (CO) 

semiconductor gas sensors [27], and clearly show 
that the Figaro-type sensors respond well to CO 
and hydrocarbons and could be used for continu- 
ous on-the-spot measurements for pollutants re- 
leased in the atmosphere. These results show that 
the tin-oxide type of sensor is useful in a 
flowthrough configuration for monitoring air 
quality in situations where these gases occur due 
to pollution from automobile engines and other 
sources. 

Continuous monitoring was also possible with 
the hand-held monitor using the dual tin-oxide 
semiconductor gas sensors. Fig. 7 shows the car 
exhaust profile of an 1983 Toyota Corolla. The 
initial peak response shows a burst of car exhaust 
expelled upon starting the motor, then decaying 
as it idles and the second and third peak responses 
were the result of acceleration. Turning the motor 
off resulted in a decrease in the response shown in 
Fig. 7 back to ambient readings. 

A comparison between exhaust emissions from 
a 1987 Toyota Celica and a 1983 Toyota Corolla 
was performed with the same hand-held monitor 
described above. The car exhaust profiles for the 

5 mins 

Hydrocarbons 0’HC) 

5 mins 
d 

Fig. 8. The car exhaust emissions calculated for carbon 
monoxide and total hydrocarbon observed for (A) 1987 Toy- 
ota Celica and (B) 1983 Toyota Corolla from the data 
recorded in Fig. 7. 
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---- In back lane 

0 OJ,, 
0 100 200 300 400 500 600 

Time (sets) 

Fig. 9. Monitoring of response of a single gas sensor 
(TGS812) to hydrocarbon emissions for vehicles travelling 
over a speed hump situated on a busy road close to an 
apartment building. 

3.4. Air pollution in residentictl homes 

The hand-held monitor was used for testing 
hydrocarbons from car exhausts in homes situated 
near traffic speed humps on a busy road. The data 
in Fig. 9 show the problem in a particular house. 
indicating consecutive measurements recorded 
over 10 min periods while traffic flowed across the 
speed hump on the road outside the house. A 
single sensor, the TGS812, sensitive to total hy- 
drocarbon emissions, was used to detect pollution 
problems inside the house. The data shown in Fig. 
9 were for a single sensor showing voltage read- 
ings using the TGS812 sensor in comparison with 
the baseline readings in the back lane. 

The sensor was independently calibrated for 
total hydrocarbons and carbon monoxide, as de- 
scribed previously [27]. The calibration plot for 

this sensor towards total hydrocarbons is shown 
in Fig. 6. The single sensor used here is most 
sensitive to hydrocarbons and much less sensitive 
to carbon monoxide [27]. The traffic speed hump 
was situated on the road about 30 m from the 
front of the house. Measurements were made in 
the street next to the hump, in the house with the 
front windows open, and in the back lane which 
was about 130 m from the road and protected by 
trees and plants from the traffic emissions. The 
readings in each location were taken consecu- 
tively, since only one monitor was available. The 
data show a flat baseline reading for the back 
lane. In the street, peaks were observed each time 
a vehicle slowed down and then accelerated over 
the hump. The readings inside the house were 
higher than in the street and indicate peaks as 
vehicles passed over the traffic hump outside. The 
evidence is clear that the vehicular emission gases 

30 
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1 

lGS812 sensor 
-TGS824 sensor 5 0 00 

Drambutt 
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Fig. 10. Peaks for ethanol standards and various diluted alco- 
holic beverages recorded using two different Figaro-type gas 
sensors in the portable monitor. 



are being trapped inside the house, and showed 
increases due to the traffic hump. This type of 
measurement is therefore valuable for rapid test- 
ing of pollution problems in urban areas. 

3.5. Determination of ethanol in ulcoholic 
beverugges 

The response characteristics of the dual-sensor 
monitor have also been used to evaluate alcohol 
levels in beverages. The detection method was 
based on the head space analysis of vapour above 
aqueous samples containing ethanol reported pre- 
viously [29]. Relative standard deviations of better 
than 5% were obtained with the Figaro-type sen- 
sors, depending on the ethanol concentration, as 
shown in Fig. 10. The port and Drambuie samples 
were analysed after a IO-fold dilution and these 
samples were bracketed by the ethanol standard 
solutions as shown in Fig. 10. The accuracy of 
this method gave a correlation coefficient of 
0.9999 in comparison with gas chromatographic 
analysis [29]. 

4. Conclusions 

The use of these mobile sensor devices is a 
radical departure from traditional methods of 
chemical analysis involving sampling and trans- 
port of the samples back to laboratories for chem- 
ical and biochemical testing. Examples of tests for 
safety and quality control in food technology. 
mining, chemical industries, environmental. and 
medical areas are numerous, and further rapid 
development of portable sensing technology can 
be expected. 
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Potentiometric and voltammetric detection using a two-channel 
fountain cell’ 

M. Wasberg*, K. Stenlund, A. Ivaska 

Abstract 

The design and use of a two-channel fountain cell in potentiometric and voltammetric detection is described. The 
two flows produced two distinct sectors inside the thin layer region and one of the sectors was used as the internal 
electrolyte of a reference electrode built into the cell body and the other as the indicator/counter electrode section. 
The behavior of the flowthrough Ag:AgCl reference electrode was first investigated and found satisfactory and it was 
then employed as the reference electrode in the subsequent experiments. Continuous and flow-injection measurements 
were made using the Fe ““Fe” redox couple in potentiometry and the reduction of Fe”’ in voltammetry. 

Kqword~ls: Iron: Potentiometric detection; Two-channel fountain cell: Voltammetric detection 

1. Introduction 

Electrochemical detection in flowing systems 
has been done using flow cells of various designs 
and two very widely used types are ~vulljet and 
thin IUJW cells [l-4]. In the former the incoming 
electrolyte is directed perpendicularly towards the 
working electrode and in the latter the electrolyte 
is passed through a thin layer created using a 
spacer in which the working electrode is placed. 
The so-called fountain cell was developed for use 
in optical measurements [5] and is basically a 

* Corresponding author. Fax. ( t 3%) 21-2-654-479; e-mail: 
mwasberg@ ra. abo. fi 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA ‘95). held in Seattle, WA. 
USA, August 13 -17. 1995. 

combination of the wall-jet and the thin layer 
electrode. In the fountain cell the incoming elec- 
trolyte is directed perpendicularly towards one of 
the walls which confines a circular thin layer 
region so as to create a radial flow from the 
entrance orifice towards a circular “well” of larger 
volume at the perimeter of the thin layer. The 
geometry and properties of the fountain cell are 
such that the incoming flow spreads out equally in 
all directions from the center, and if the cell is 
equipped with two or three entrance orifices close 
to the center of the thin layer, the flows will 
establish themselves in very well-defined parts of 
this region. Depending on the ratio of the flow 
rates in a two-channel flow cell the sectors occu- 
pied by the two flows will vary, so that the flow 
with higher flow rate will occupy a larger sector of 
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the circular thin layer area than the flow with the 
lower flow rate. There is also a thin layer cell 
commercially available with radial flow pattern 
which is intended for chromatographic detection 
[6]. This cell. which is made for amperometric 
measurements, is only a single-channel two-elec- 
trode cell for small currents and is thus not in- 
tended for general use. It is, however, of the 
fountain cell type and needs to be mentioned here. 

The fountain cell has been evaluated in a per- 
fusion study of living cells in which it was con- 
nected to a flow-injection system and a fluor- 
escence microscope was used as detector [7]. It 
is the aim of this work to investigate the possibil- 
ities of the fountain cell as an electrochemical 
detector using voltammetric and potentiometric 
methods of detection. The special properties of 
this detector, which include the possiblility of 
using multiple flows as well as the radial flow 
pattern [7] in the thin layer region, make it at- 
tractive for this purpose. Its ability to let two or 
more independent flows meet in the detector re- 
gion [S] should allow differential measurements to 
be made in a novel way and the circular symme- 
try of the thin layer region allows convenient 
placement of working/indicator, counter and ref- 
erence electrodes. The use of two flows was ex- 
amined in this work. One of the flows contained 
a reference electrolyte solution which together 
with the built-in Ag/AgCl electrode comprised a 
reference electrode in one half of the thin layer 
region. This part of the cell is referred to as the 
“in-cell” reference electrode. The other flow con- 
tained the components to be detected and passed 
by a working/indicator electrode and a counter 
electrode. This section of the cell is referred to as 
the “detection side”. 

2. Experimental 

All chemicals used were of analytical grade and 
the solutions were prepared by using distilled, 
deionized water (MilliQ). Teflon tubing was used 
to transport electrolytes and PVC tubing was used 
in the peristaltic pump. Before use the block 
containing the electrodes was ground by hand 
with emery papers of successively finer grit ending 

with size 1000 after which it was polished first 
with coarse and later with fine alumina powder. 
The electrodes were polished with alumina before 
each deposition of Ag’AgCI. The in-cell reference 
electrode was prepared by oxidizing the silver disk 
electrode (3 mm diameter) galvanostatically in a 
solution containing 1 mol dm ~’ KC1 for 12 min 
at a current of 100 /IA to produce a very smooth 
layer of AgCl. The counter electrode for AgCl 
deposition was of circular shape and made of 0.5 
mm diameter platinum wire. After deposition 
of AgCl and before assembling the cell the elec- 
trode was stored in the same solution at open 
circuit. When not in use the cell was filled with 
1 mol dm p3 KCl, by pumping this solution 
through both channels, or opened and the elec- 
trode block placed in the same solution. All KC1 
solutions used were saturated with AgCl. The 
potentiometric measurements were made with a 
pH meter (Metrohm 691) equipped with an 
analog recorder output. The resolution of this 
output was 1 mV and the signal was recorded 
using a 12 bit A/D converter (ADClOOO, Pica 
Instruments) connected to the parallel port of 
an IBM AT-compatible computer. Voltammetric 
and amperometric measurements were made using 
computer-interfaced laboratory-built instrumenta- 
tion. Solution flow through the cell was achieved 
by a peristaltic pump or by means of hydrostatic 
pressure. The peristaltic pump (Desaga STA) 
enabled the use of variable pumping speeds and 
by using 0.8 mm i.d. PVC tubing in the pump 
flow rates from 0.004 to 0.04 ml s-’ were ob- 
tained. In some measurements hydrostatic pres- 
sure from a height of 30-40 cm was used. 
Selection of different flows and flow injection was 
made using a computer-controlled eight-channel 
valve (Pharmacia MV8), the use of which has 
been described earlier [9]. 

3. Results and discussion 

3.1. Flows cell detuils und imwtigrctiorz of flow 

pr1ttrm 

The cell which is sketched in Fig. 1 was made of 
Plexiglass and consisted of three parts: a cell top 
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B, center “flow introduction block” A and an 
electrode block E at the bottom. The blocks were 
held together by four corner-positioned 6 mm 
diameter screws fitting into threads in the elec- 
trode block. The cell top and the flow introduc- 
tion block were sealed by a gasket D when the cell 
was in use and with a similar 0.25 mm thick 
gasket/spacer the center block and electrode block 
were sealed and separated so as to create a thin 
layer region of spacer thickness between the 
blocks. This thin layer region was circular in 
shape (diameter 20 mm) and extended from the 
center of the cell where the inlet orifices were 
positioned out to the inner perimeter of the well 
indicated in A. The position of the thin layer 
region is also indicated by a dashed circle on the 
electrode block marked E in Fig. 1. The volume 
of the thin layer region was thus z 80 ,~l using the 
0.25 mm thick spacer. In detail the cell thus 
consisted of the followng parts: 

/ i 

45cm 

Inlet block - 

Inlet1 - 

Fig. 1. Sketch of the fountain cell in assembled form from the 
side (C) and separated into parts: (A). inlet block; (B), cell top: 
(D). gasket/spacer; (E), electrode block. 

an electrode block at the bottom (E in Fig. 1) 
into which the electrodes were molded using a 
polyester resin. The electrodes were placed in 
holes drilled in the proper positions all the way 
through the bottom of a cylindrical molding 
cavity machined in the center of the electrode 
block. The width of the cavity was somewhat 
larger than the diameter of the circular well (see 
part A in Fig. 1). The reference electrode con- 
sisted of a silver cylinder (99.98% purity), 3 mm 
diameter and 5 mm in length, and the working/ 
indicator electrode consisted of a gold cylinder 
(99.98% purity) of the same size. Both these 
electrodes were soldered to brass holders which 
protruded through the positioning holes. The 
counter electrode was made of glassy carbon 
and had the same shape and size as the other 
electrodes. This electrode was fixed to the brass 
holder by pressing it by force into an oval hole 
at the top of the brass holder. The brass gave 
way to accept the electrode and no electrical 
contact problems were encountered when using 
the counter electrode. 
a central flow introduction block (A in Fig. 1) 
where the two electrolyte flows entered the cell. 
The flows first passed through 1 mm diameter 
channels which narrowed to 0.5 mm at a 90” 
turning point. A circular “well” with a width of 
3 mm and a depth of 4 mm was milled in the 
block (see Fig. 1) to disrupt the thin layer 
region and to reduce flow velocity. A similar. 
somewhat deeper well, was milled from the 
opposite side of the block and the two wells 
were connected by eight 1.6 mm diameter holes. 
The Teflon tubing for electrolyte flow (0.5 mm 
i.d.) was widended at the contact point with the 
flow introduction block to produce a Aange 
which was pressed to the cell body by means of 
hollow nuts made of plastic. 
the cell top (B in Fig. 1) which is used to collect 
the electrolyte from the well has a collection 
chamber shaped like a cone which narrows at 
the upper end and connects to a fitting for the 
outlet tube. 
A series of experiments were made in order to 

make sure that the two incoming flows really 
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Fig. 2. Effect of flow rate ratio on flow profiles in the fountain 
cell. Two dyed solutions were used and at equal rates the flows 
each occupied half of the cell (A). Photographs B-D show the 
results of using various unequal flow rates. 

behaved as expected, i.e. that they occupied two 
well-defined sectors of the circular thin layer re- 
gion. Especially, it was of importance that the 
thin layer region was divided into two equal parts 
at equal flow rates, so that the electrodes were 
exposed correctly to the incoming flows. Photo- 
graphs showing the thin layer region occupied by 
two differently-dyed solution flows at four differ- 
ent flow rate ratios are displayed in Fig. 2. 

To design and construct a two-channel fountain 
cell was somewhat more demanding than to make 
a thin layer or wall-jet cell. However, once the 
acrylic parts were machined and the electrodes 
molded in place and polished a remarkable well 
behaved cell was obtained. The two flows, i.e. the 
in-cell reference electrode electrolyte flow and the 
analyte flow, stayed well separated and even when 
the reference electrode side was contaminated by 
mistake e.g. by a ferric/ferrous solution, it recov- 
ered quite rapidly. The fast recovery may have 
been due to the very smooth finish of the AgCl 
layer obtained in the electrolytic deposition. The 
pores of the AgCl layer could not therefore have 
been very deep and the contaminants were washed 
rapidly away. The reproducibility and stability of 
the flow patterns in Fig. 2 are also remarkable, 

even when the flows were propelled by peristaltic 
pump. Especially, the border region displayed a 
sharp change between the solutions indicating lit- 
tle or no mixing of the flows. This fact is a 
prerequisite for a multiple channel fountain cell 
and one of the reasons why it works in electro- 
chemical measurements. All potentiometric mea- 
surements are inherently differential measure- 
ments, involving measurement of the difference of 
potentials of two half cells which are in contact 
through a liquid junction. In a two-channel foun- 
tain cell this liquid junction consists of the sharp 
dividing line(s) between the two flows. but here no 
glass frits or asbestos fibres are needed to separate 
the electrodes. 

The effective dead volume of the cell used was 
also small. Using a 0.25 mm spacer the dead 
volume was only z 80 ~1, not counting the in-cell 
reference electrode side. By decreasing the spacer 
thickness it should be possible to decrease the 
volume further. Being a thin layer cell the thin 
layer area is quite large and can accommodate a 
number of electrodes, a fact which could be useful 
for detectors equipped with multiple sensors. 

In the initial experiments with the cell, silicon 
tubing was used in the peristaltic pump and this 
introduced problems in the form of gas bubbles 
appearing in this section. Once created these bub- 
bles were transported into the cell and often clung 
to the walls of the cell in the thin-layer region. 
The tendency of the bubbles to do this might have 
been due to the properties of the polyester poly- 
mer which was used to mold the electrode in 
place. After changing to PVC tubing the problems 
with the bubbles were essentially eliminated. It is 
also likely that an improvement in the sensitivity 
to bubble retainment could be achieved by design- 
ing the input channels so that the flow is upwards, 
and it is our aim to do this in the next generation 
of fountain cells. 

3.2. Stability of in-cell rejtirenc.c electrode und 
potentiometric meuurements ,rlith the Fr”‘iFe” 
COllplCJ 

One of the basic ideas of this investigation was 
to use one half of the thin layer region of the 
fountain cell as a reference electrode. Thus, all 



potentials measured would be made with refer- 
ence to this in-cell reference electrode and the 
quality of all potential measurements would rely 
on the stability and reproducibility of its poten- 
tial. The reference electrode part of the cell was 
comprised of the left-hand side of the thin layer 
region indicated by a dashed circle on part E of 
Fig. 1. In order to determine the potential be- 
haviour of this in-cell reference electrode an SCE 
(saturated calomel electrode) was placed in a 
beaker (containing electrolyte up to a level of ~2 
cm) into which the cell outlet tube was also 
placed, and the potential difference between these 
two electrodes was recorded under different con- 
ditions. The solution level in the beaker was kept 
constant by pumping out excess electrolyte by 
means of and aspiration pump. During these mea- 
surements both channels of the fountain cell were 
fed with the reference electrode solution, i.e. I mol 
dm -~’ KCl. 

In Fig. 3 potential data are shown for a long 
time stability experiment extending over 4 days. 
The potential of the in-cell Ag/AgCl reference 
electrode vs. the SCE was recorded for a flow of a 
1 mol dmP3 KC1 solution (saturated with AgCl). 
The flow rate was 0.02 ml s-’ and a freshly 
prepared AgjAgCl electrode was used. In the 
beginning there is a rather sharp 4 mV increase in 
the potential difference which takes place during 

Fig. 3. Data from potential stability experiment for an in-cell 
Ag/AgCI reference electrode in which the potential was mea- 
sured against an SCE placed in the outlet stream. The mea- 
surement started with a freshly made AgfAgCl surface. 

Fig. 4. Potential of in-cell Ag:AgCl electrode measured 
against an SCE for KC1 solutions of different concentrations 
and ditTerent flow rates. The flow rate was initially 0.004 ml 
s-’ and finally 0.04 ml ss’. The flow rate was increased in ten 
steps every 5 min and the pump aas stopped at t = 50 min. 

the first 6 h and after this the variation is of the 
order of +_ 1 mV. During the last 1.5 days the 
potential difference is stable at 9 mV. The spikes 
seen in the curve occurred while filling up the KC1 
container, during which the pump was also 
stopped. The broken line at 8.7 mV indicates the 
potential value obtained from theory and the 
tabulated chloride ion activity coefficient [lo] for 
the concentration used. 

Another shorter stability test was made using 
different pumping speeds and different KC1 con- 
centrations and the results are summarized in Fig. 
4. During the measurements the pumping speed 
was increased in ten steps from 0.004 to 0.04 ml 
S ’ and the pump was stopped at t = 50 min. For 
the 1 mol dm ’ KC1 solution stable potential 
readings were obtained 2 1 mV below the calcu- 
lated value. No effect of flow rate could be de- 
tected and the signal was fairly free of noise. This 
is also the case for the flow of 0.1 mol dm -’ KCl, 
except that the noise level has increased some- 
what. For the 0.01 and 0.001 mol dmP3 solutions 
the noise level increased further and a flow rate 
dependence could also be seen. For the 0.01 mol 
dm ’ solution a difference of z 10 mV is obtained 
between slow flow rate and flow at full pumping 
speed. 

In order to investigate the behavior of the 
fountain cell in potentiometric detection, using 



the in-cell reference electrode. the potential of the 
Au indicator electrode was measured in solutions 
containing Fe” and Fe”’ in different concentra- 
tion ratios. Two solutions flows were thus used: 
one of 1 mol dm ’ KC1 (saturated with AgCl) for 
the reference electrode and the other one contain- 
ing the iron species. The flows were produced by 
the peristaltic pump and in this case the solution 
flow was changed manually after stopping the 
pump. In the measurement solution flow the con- 
centration of Fe”’ was kept constant at 0.2 mol 
dmP3 and the concentration of Fe” was varied: 
0.2, 0.02, 0.002, 2 x 10e4 and 2 x 10e5 mol dmm3. 
The measurement solutions were passed through 
the cell in succession in two duplicate measure- 
ments starting with the 0.2 mol drn-’ Fe” solu- 
tion. Data from this experiment are shown in 
Fig. 5. 

A series of potentiometric flow-injection experi- 
ments were also done. The carrier used was a 
solution of 0.1 mol dm ’ NaOH containing 0.2 
mol drne3 Fe(CN)i and 2 x lops mol drn-’ 
Fe(CN);Z -. The solutions injected were of the 
same salts with I’~~(‘,,) = 0.2 mol drn- ‘,cFe’,,‘=2 x 
IO ’ mol dm ’ Fe” and c,,,‘,,,=O.2 mol dm ‘, 
c’,,(,,’ = 0.2 mol dmP3 Fe”. The two solutions 
were injected using the peristaltic pump at a flow 
rate of 0.02 ml s-’ and the eight-channel com- 
puter-controlled valve. The valve and flows were 
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Fig. 5. Potential of Au electrode measured against in-cell 
Ag. AgCl reference electrode (I mol dm-’ KCI, sat. A&I) for 
0. I mol dm ’ NaOH solutions having ditrerent concentration 
ratios of K,Fe”(CN), and K,Fe”‘(CN),. 

o**t v=OOZmls' 

L 
I I, 1. 1.1. 0. 1, I, I 

0  10 20 30 40 50 60 70 

Time / min 

Fig. 6. Data from potentiometric flow-injection experiment 
with varying injection times using an in-cell reference electrode 
and two ditferent Fe”‘. Fe” solutions. Carrier solution: 0. I mol 
dm ’ NaOH with cFu(,,,, = 0.2 mol dm ’ and crrt,,) = 0.0002 
mol dm ‘. The solutions injected w’ere also prepared in a base 
electrolyte of 0. I mol dm ~’ NaOH and are described in the 
Fig. 

set up so that the carrier occupied one of the 
channels and the solutions to be injected the 
adjacent channels. The injection time was then the 
time for which the valve was kept in the position 
at the adjacent channels. The injection volume 
was thus varied by varying the time of injection. 
Results obtained with injection times from 1 to 20 
s are shown in Fig. 6. In order to investigate the 
reproducibility of the FIA (flow-injection analy- 
sis) 20 peaks were recorded and the trace is shown 
in Fig. 7. The r.s.d. was 0.7%. 

The in-cell reference electrode shows a stability 
which is adequate for FIA, i.e. after the initial 
556 mV change the potential was stable. The pH 
meter used had a recorder output with a resolu- 
tion of 1 mV. which made the measurement of 
smaller changes in potential by computer impossi- 
ble. However. it can be concluded from the data 
in Fig. 3 that once the potential has stabilized the 
long-term change in potential is at the most 1 mV, 
and this is certainly adequate for most analytical 
measurements, especially those involving FIA in 
which the background signal is recorded immedi- 
ately before injection. 

The flow rate of the reference electrode solution 
had little effect on the potential as long as cKC, 



was 10 mmol dm p3 or higher. For this concentra- 
tion there is a difference in potential of only about 
2 mV between stationary solution and flowing 
solution at maximum pump speed (0.04 ml s ‘). 
For the I mmol dm 3 KC1 solution the same 
difference is 9 mV. The reason for the change in 
measured cell potential as the flow rate and ion 
strength are varied is the streaming potential, the 
value of which is also higher the more dilute the 
electrolyte is and the higher the flow rate is. There 
was also a noticeable increase in the noise level at 
lower concentrations and the data in Fig. 4 clearly 
show that the noise successively increases as the 
concentration decreases. One reason for the noise 
increase is the streaming potential itself which 
fluctuates as the flow pulsates with the frequency 
of the pump rollers. Potential data were acquired 
once a second and this rate was too low compared 
to the roller frequency to enable us to distinguish 
any signals due to flow pulsation. This was 
checked by Fourier analysis of the signals at 
different pumping speeds. The potential signal 
could thus have been sampled at any point on the 
pump pulsation cycle, which also varied during 
the experiment. The electrical properties of the 
KCI electrolyte change with dilution and the de- 
creased conductivity (higher impedance) in the 
medium between the two electrodes used makes 
the measurement more susceptible to noise pickup 
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Fig. 7. Measurement of peak height repeatability in potentio- 

metric flow-injection experiment. .4n r.s.d. of 0.7’!;, was ob- 

tained for 20 jnjections of 40 jtl. 

from the surroundings. Although most of the 
noise at I’~<., = I mmol dm ~~ 3 is due to pumping a 
clearly increased noise level was observed for the 
static electrolyte too. 

The ferric/ferrous redox system was chosen for 
the potentiometric evaluation because of the sim- 
plicity of the indicator electrode arrangement and 
because it is widely used as a test system. How- 
ever, there were some drawbacks to this choice, 
e.g. no data on the activity coefficients for ferric 
and ferrous hexacyanides were found for the elec- 
trolyte used and this in turn made the calcuation 
of the potential responses inexact. Also, the elec- 
trode potential response to changes in solution 
redox potential could sometimes be slow, espe- 
cially if one of the redox components were present 
in low concentration. However, reproducible 
peaks were obtained for the solutions used in 
FIA. It must be kept in mind that variations in 
injection volume in this case depend on the preci- 
sion with which the multichannel valve is manipu- 
lated. For shorter injection times a larger relative 
variation is obtained. A special source of varia- 
tion is the peristaltic flow pulsation which also has 
a larger influence for shorter injection times. The 
r.s.d. of 0.7% obtained for an injection time of 2 
s must be considered satisfactory considering the 
simplicity of the injection system used. 

The fountain cell was equipped with two elec- 
trodes (gold and glassy carbon) on the detection 
side and these. together with the in-cell reference 
electrode, comprise a three-electrode electrochem- 
ical cell suitable for voltammetric and ampero- 
metric measurements. The glassy carbon electrode 
was placed downstream with respect to the gold 
electrode and for this reason the gold electrode 
was chosen as working electrode and the glassy 
carbon as counter electrode. In this configuration 
the reaction products produced at the counter 
electrode could not end up on the working elec- 
trode. 

The behavior of the cell in the reduction of Fe”’ 
in 0. I mol dm ’ NaOH was studied in a cyclic 
voltammetric experiment. The cyclic voltam- 
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Fig. 8. Cyclic voltammetric curves at a scan rate of 50 mV s ’ 
obtained using the fountain cell equtpped with a gold working 
electrode. The solid line is for the supporting electrolyte (0.1 
mol dm ’ NaOH) showing surface oxidation and reduction 
peaks typical for gold. The broken line is for a solution of I 
mmol dm ~’ K,Fe(CN), in supporting electrolyte. 

mograms recorded in the fountain cell, both for 
the supporting electrolyte (solid line) and for 1 
mmol dm-’ K,Fe(CN), (broken line). are shown 
in Fig. 8. The scan rate was 50 mV ss’ and the 
solution flow of 0.02 ml s- ’ was hydrostatically 
produced in order to avoid limiting current oscilla- 
tions due to the pulsating flow caused by the 
peristaltic pump. Oxidation of the gold surface in 
pure electrolyte gives rise to a peak at 0.32 V and 
the reduction of the layer produced gives a corre- 
sponding reduction peak at 0.09 V. Below a poten- 
tial of about - 1.25 V reduction of the electrolyte 
starts to take place to a significant degree. When 
the I mmol dmP3 ferric solution was introduced a 
reduction current was obtained in the cyclic 
voltammetric scan (broken line) at potentials on 
the negative side of the oxide reduction peak. 

FIA with amperometric detection was investi- 
gated by selecting a potential of -0.75 V and 
injecting ferric solutions of different concentra- 
tions into a carrier consisting of 0.1 mol dmP3 
NaOH supporting electrolyte. Data for five differ- 
ent concentrations are shown in Fig. 9. The flow 
rate was 0.02 ml S- ‘. With the intention of deter- 
mining the repeatability of the amperometric FIA 
18 injections of 40 pl of 2 mmol dm-’ fe”’ were 
recorded and the results are shown in Fig. 10. An 
r.s.d. of 1.3% was obtained. 

0 5 10 15 20 25 30 35 

t I min 

Fig. 9. FIA peaks obtained for the amperometric reduction of 
different concentrations of Fe(CN)i- in 0.1 mol drnm3 NaOH. 
The flow rate was 0.02 ml ss ’ and the flow was produced by 
hydrostatic pressure. Potential: -0.5 V. 

Reduction of Fe(CN)i- was chosen for the 
experiments on voltammetric detection because of 
its well-known character and because the reaction 
product (Fe”) is soluble in the electrolyte phase, 
an aspect which is of importance in avoiding 
surface fouling and changes on solid electrodes. In 
Fig. 8 the typical surface processes of a gold 
electrode are shown with clear, sharp oxidation 
and reduction peaks. The steep changes in current 
for these peaks are an indication of negligible iR 
drop in the cell. a result which indicates good 
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Fig. 10. Amperometric FIA repeatability measurement. An 
r.s.d. of 1.3’%, was obtained for a ferric ion concentration of 2 
mmol dm-’ and an injection volume of 40 ,uI. 
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potential control despite the thin layer configura- 
tion. The contact area between the reference elec- 
trode “internal” electrolyte and the cell 
supporting electrolyte is large in the fountain cell 
and extends over the whole width of the thin layer 
section. This is in contrast to conventional cells in 
which the potential of the electrolyte is measured 
at only one point, at the tip of the reference 
electrode. In some flow detectors this point may 
even be outside the cell. The good potential con- 
trol apparent here may be due to the special 
design of this cell with its in-cell reference elec- 
trode, but conclusive evidence will be pursued in a 
separate study. As 1 mmol drn--’ Fe(CN)i- is 
introduced on the detection side (Fig. 8, broken 
line) a reduction current appears due to reduction 
of this ion. This process starts immediately the 
oxide layer is removed, even when it is only 
partially removed. This is analogous to the case 
with oxidation of Fe”’ on the same electrode in 
which the oxide film also inhibits the bulk process 

ill]. 
The injection of different concentrations of 

Fe(CN)d produced the peaks shown in Fig. 9. 
and in this case the lower concentrations pro- 
duced more reproducible peaks. Especially at the 
highest concentration of 10 mmol drn--’ Fe”’ a 
continuous decrease in peak height is observed as 
the injections are repeated. It is not clear what the 
reason for this behavior is. However. a concentra- 
tion of 10 mmol dm -’ is rather high and at this 
level the concentration of electroactive contami- 
nants present in the reagents may be high enough 

to produce surface compounds affecting the state 
and properties of the solid working electrode. The 
r.s.d. for amperometric detection of 2 mmol drn-- ’ 
Fe”’ was higher than for the potentiometric detec- 
tion (1.3% compared to 0.7%). This must in part 
be due to the linear concentration dependence of 
the amperometric signal compared with the loga- 
rithmic dependence for the potentiometric signal. 
Mass transport phenomena are also more impor- 
tant in amperometry than in potentiometry, which 
in turn makes the stability of the signal from the 
former more dependent on flow variations. 
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Abstract 

The specificity of enzymes is often not sufficient to simultaneously determine two parent substrates in a given 
matrix. Approaches to enhance the selectivity by applying the principle of an array arrangement to flow-injection 
analysis (FIA) systems based on several immobilized isoenzymes are successful. Immobilized enzymes and detectors 
in FIA systems often suffer from interferences from impurities of the matrix. Examples are given which prove that this 
problem can be overcome by an integrated preseparation of the analyte (pervaporation, electrodialysis) or by 
correction of the matrix signal based on background subtraction using computerized data accumulation and 
processing. 

Keyzvrds: Flow-injection analysis; Bioprocess control; Fuzzy logic; Sample pretreatment; Enzyme selectivity 

1. Introduction 

Routine food quality analysis and on-line fer- 
mentation control demand specific, fast and reli- 
able substrate determination. In this context the 
simultaneous determination of two or more sub- 
stances is often needed. In principle this can either 
be performed by enzymatic analysis or by means 

* Corresponding author. Fax: (+49) 8161-713583. 
’ Presented at the Seventh International Conference on 

Flow Injection Analysis (ICFIA ‘1995). held in Seattle, WA, 
USA, August 13 - 17. 1995. 

of an efficient separation method (GC or HPLC). 
However, in the case of very similar substrates the 
specificity of available enzymes may not be suffi- 
cient, or the separation system needed must be 
very sophisticated. Both alternatives may be labo- 
rious and time-consuming, and hence slow and 
not suitable for on-line application. Flow-injec- 
tion analysis (FIA) with integrated immobilized 
enzymes, supplemented by fast and continuous 
modules for clean-up and preseparation of ana- 
lytes. or with integrated background correction, 
may combine the advantages of enzymatic analy- 
sis and efficient separation. In addition, for the 
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SSDlOO39-Y 140(95)01839-5 



938 H.-L. Sdmitir Trrlmrcl 43 (I 996) 93 7- 942 

determination of very similar substrates with non- 
specific enzymes it should be possible to combine 
the response of different FIA lines in the manner 
of an array for the enhancement of specificity. 
The present contribution will demonstrate the ad- 
vantages and limits of this principle using various 
examples, most of which are based on commer- 
cially available enzymes. 

2. Results and discussion 

2.1. FIA q~stenu ,vitll integrated cleun-up or 

separution modules 

The continuous monitoring of a given amino 
acid out of a mixture in a FIA system with an 
oxidase or dehydrogenase can easily be per- 
formed, providing a specific enzyme is available. 
Sometimes the problem is restricted to the task of 
determining a given amino acid in the presence of 
a limited amount of a few others. The correspond- 
ing analysis system should also imply a certain 
versatility in that it could be used for the determi- 
nation of different amino acids. In this respect, we 
have connected a continuously working electrodi- 
alysis module to a FIA system [l], schematically 
shown in Fig. 1, in which amino acids are deter- 
mined by the unspecific amino acid oxidase reac- 
tion and the monitoring of the enzymatically 
formed H,O, is by means of an amperometric 
electrode. The buffer in the central chamber of the 
electrodialysis unit was adjusted to the pH value 

I 1 1 
Donor Compartment 

SamDIe-Pretreatment 

Fig. I. FIA system with integrated sample-pretreatment 
module. 

of the isoelectric point of the amino acid to be 
monitored, with the expectation that this one 
would pass the chamber, while other amino acids 
were eliminated by migration in the electric field. 
In practice, with complex mixtures of amino 
acids, it turned out that this separation procedure 
was not sufficient to quantitatively remove inter- 
fering amino acids. The analytical error was de- 
pendent on the type and concentration of the 
foreign amino acids. However, as proved for the 
analysis of arginine in the millimolar-range, satis- 
factory results were obtained when not more than 
three foreign amino acids were present and their 
total concentration did not exceed that of the 
analyte in question by a factor of four. Therefore, 
the device will be of advantage for the continous 
monitoring of a given amino acid in the presence 
of impurities of others. Its selectivity may be 
changed by shifting the pH value of the carrier 
buffer in the central chamber of the electrodialysis 
unit to that of the isoelectric point of the amino 
acid in question. 

In the case of monitoring volatile analytes we 
proved that it would be advantageous to separate 
the analyte from the sample liquid through a 
pervaporation module [2], and use the secondary 
circuit of this device as the input to the enzyme- 
based FIA system. generally with an integrated 
dehydrogenase and NADH monitoring system [3] 
(for principal FIA set-up see Fig. 1). With this 
arrangement enzyme and detector are protected 
from interfering impurities, and hence show pro- 
longed lifetime and reduced noise respectively. In 
addition, the substrate concentration in the sec- 
ondary circuit can be adjusted to the linear detec- 
tion range of the biosensor either by varying the 
relative flows of the primary and secondary liquid 
streams or the temperature of the donor chamber 
in the pervaporation module. This principle 
worked very well in the case of routine assay of 
ethanol in beer or with the monitoring of acetic 
acid in a fermentation broth [4]. The related reac- 
tion pathways are shown in Scheme 1. 

It is useful to vary the relative concentrations of 
mixtures of homologue substrates and hence to 
support the selectivity of the enzymes. An extraor- 
dinary challenge for the application of the perva- 
poration principle was the analysis of diacetyl 
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Acetaldehyde + NADH + H * 

Acetylphosphate + ADP 

Pyruvate + ATP 

Lactate + NAD + 

Butanediol + 2 NAD + 

Pentanediol + 2 N.4D + 

Butanediol + NAD + 

Scheme I. 

(butane-2,3-dion) in beer [5] (see Scheme 1). This 
compound seriously impairs the flavour of beer, 
and the control of its reduction to acetoin and 
butanediol in the course of the maturation process 
of beer is of great importance. At the beginning of 
the process beer contains approximately 0.01 ppm 
of this compound, and in addition about the same 
concentration of pentanedione-I,2 and 20 times 
more acetoin (butane-2-ol-3-on). There is no en- 
zyme available which is specific for diacetyl, all 
dehydrogenases in question having similar affini- 
ties to pentanedione-1,2 and acetoin. We could. 
by pervaporation, attain a shift of the relative 
concentrations of the three substrates, in that the 
excess of acetoin was drastically reduced. How- 
ever. we have still obtained an integral response 
which could only be corrected using acetoin con- 
centrations independently determined by GC. 
Hence, in this case, because of the extreme ratio 
of the competing substrates, the integrated perva- 
poration could not completely compensate for 
inadequate specificity of the enzyme. 

A mixture of similar substrates is often ana- 
lyzed in an enzyme-based FIA system by a com- 
mon indicator enzyme reaction supported by a 
suitable auxiliary reaction. For example, the de- 
termination of maltose or sucrose and glucose is 
possible by means of the glucose oxidase reaction 
before and after hydrolysis of the disaccharides 

with a glucosidase (integral measurement). Xylose 
can be measured with the unspecific glucose dehy- 
drogenase reaction using NAD + as oxidant; how- 
ever, in the presence of glucose this substrate has 
to be eliminated by means of the (specific) gluco- 
kinase reaction (differential measurement). The 
reaction sequence is shown in Scheme 2. 

The differential principle has been used as a 
reference method in a study of the applicability of 
two unspecific enzymes (glucose oxidase, glucose 
dehydrogenase) for the parallel determination of 
xylose and glucose in mixtures [6]. In a FIA 
system (Fig. 2) the two substrates either passed 
only the dehydrogenase “channel” (immobilized 
enzyme) or a subsequent oxidase and dehydroge- 
nase “channel”. The activity of the immobilized 
oxidase was chosen such that the substrates were 
only partially converted. The two fluorimetrically 
obtained NADH signals for the mixture in the 
two “channels” allowed calculation of the individ- 
ual concentrations of the two compounds using a 
partial least-squares algorithm. Encouraging re- 
sults were obtained providing the enzymes had 
slightly different affinities for the substrates and 
the ratio of xylosejglucose was not below the 
value of 25. The same principle, although with the 
use of four “channels”, namely two with individ- 
ual dehydrogenases and two with subsequent 
oxidases’dehydrogenases. was used for the moni- 
toring of mixtures of the three lipophilic amino 
acids valine, leucine and isoleucine. Only slight 
affinity differences existed for these sub- 
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Xylonic acid - NADH + H + 

II 
+NAD+ 
Glucose dehydrogenase (unspecific) 

Xylose - Glucose + ATP Xylose + Glucose-h-phosphate + ADP 

IT Glucose oxidase (unspecific) 
+o, 

Xylonic acid + H,O, 

I. Dehydrogenase reaction only 

Xylose + Glucose + 2 NAD + Xylonic acid + Gluconrc acid + 2 KADH + 2 H + 

2. Sequential oxidation by oxidase and dehydrogenase 

Xylose + Glucose + 2 O2 Xylomc acid * Gluconic acid + 2 HZ02 

Xylose + Glucose + 2 NAD + 
~;l”co,e Jrhydrogemw 

+~~~ Xylonic acid - Gluconic acid + 2 NADH + 2 H + 

Scheme 2. 

strates with the oxidases or dehydrogenases avail- 
able. It turned out, that by a mathematical treat- 
ment of the NADH signals in the different FIA 
lines (“channels”) not only one individual amino 
acid out of the three could be identified, but also 
a quantitative analysis of all of them was possible, 
when they occurred in the millimolar-range in 
comparable concentrations [6]. In any of the fol- 
lowing systems the so-called “nested-loop” injec- 
tion of the sample into a plug of NAD+ carrier 
was used instead of a continous flow of NAD+- 
containing buffer, in-order to save this expensive 
coenzyme [7] (Fig. 3). The determination of glu- 
cose and fructose in different technical syrups was 

I I 
Enzyme Column Array 

Fig. 2. FIA system with integrated enzyme-column array and 
mathematical signal treatment, 

performed as a reference with a classical FIA 
system using specific enzymes, namely glucose 
dehydrogenase/NAD + for glucose and mannit 
dehydrogenase/NADH for fructose [8] (Scheme 
3). The inconvenience of this system was that in 
one case the production, and in the other the 
consumption, of NADH had to be determined. 
Therefore. we conceived a new alternative in 
which we used just one dehydrogenase and the 
formation of NADH only. We determined glu- 
cose before and after equilibration of the two 
isomers with hexose isomerase. and from the two 
values and the known equilibrium constant the 
fructose concentration could be calculated. The 
results found for both carbohydrates were in ex- 
cellent agreement with those measured by the 
classical FIA method and by an independent 
HPLC analysis. We believe that this principle will 
be of general importance. 

2.3. Muthematid buckground corrections 

Photometric or fluorimetric NADH determina- 
tions in untreated real samples often suffer inter- 
ferences from unknown background signals of 
variable intensity. In classical enzymatic analysis a 
correction for this background is made by using a 
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Fig. 3. 
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Schematic representation of a FIA system with nested-loop injection, variable enzyme manifold and mathematical signal 

“reference cuvette” for compensation. The 
analog procedure in FIA would be the individual 
injection of a sample with and without NAD+ 
and the storage and subtraction of the signals, 
preferably in the form of the whole absorption 
peaks, leading to a corrected signal peak. This 
procedure will be successful in cases where the 
absolute response for the signal background is 
relatively low and the signal-to-noise ratio is 
high. In order to meet this condition we devel- 
oped a FIA system which worked with very small 
injection volumes on the basis of a special con- 
formation of the injection valves used. Thus. the 
absolute response for interfering compounds was 
low. An additional effect was the enhancement of 
the stability and lifetime of the immobilized en- 
zyme. 

One application dealt with the on-line parallel 
determination of D- and L-lactate in the course of 
a 100 h fermentation with a mixed culture of 
Iucrobclcilli for the acidification of beer [8]. The 
results were in excellent accordance with those 
obtained by classical off-line analysis. An addi- 
tional drawback occurred when ethanol was de- 
termined in untreated beer. The first results 
obtained were not satisfactory, probably because 
the samples contained--in addition to impurities 

interfering with the measurement-ingredients 
which seemed to partially inhibit the enzyme. 
Correct results could be obtained only after a five 
fold dilution of the samples. As this would cause 
an additional treatment and hence would imply 
errors. we have conceived, based on parameters 
typical for an ideal shape of the response curve 
(NADH absorption peak observed for ethanol in 
water). a program for the correction of “realis- 
tic” curves using fuzzy logic [8]. With the use of 
this program correct and reproducible ethanol 
values were obtained even after injection of undi- 
luted samples of beer. Again, we are convinced 
that these principles of mathematical background 
and matrix compensation are of general value 
and importance for future developments. 

3. Conclusions 

The versatility, selectivity and reliability of 
FIA systems with integrated immobilized en- 
zymes can readily be enhanced by the integration 
of physical sample pretreatment modules, the 
combination of (not necessarily specific) enzyme 
reactions and by mathematical treatment of the 
response signals. In cases where neither specific 
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Glucose + NAD + Gluconolactone + NADH + H + 

Fructose + NADH - H + 
M.lnn,! dch>drogcn.i\c 

Mannit + NAD + t- 

Glucose + Fructose + NAD + 

II 
Hexose isomerase 

Glucose + Fructose + NAD + 

Cilucoac delyh,gm~~c 
Gluconolactone + Fructose + NADH + H + + 

Glucose drhyhogenax 
Gluconolactone + Fructose + NADH + H + ‘Pm-~- 

Scheme 3. 

enzymes are available nor satisfactory auxiliary References 
procedures can be provided. classical off-line and 
discontinuous separation methods have to be 
applied for the analysis of mixtures of similar 
substrates or the elimination of matrix 
interferences. 
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Abstract 

A rapid and highly sensitive potentiometric flow-injection method for the determination of trace hydrogen peroxide 
was developed by use of an Fe(III)-Fe(II) potential buffer solution containing bromide and Mo(V1). The analytical 
method was based on a linear relationship between a concentration of hydrogen peroxide and a largely transient 
potential change of an oxidation-reduction potential electrode due to bromine generated by the reaction of hydrogen 
peroxide with the potential buffer solution. The oxidation of bromide to bromine by hydrogen peroxide occurred very 
rapidly with the assistance of Mo(V1) when Fe(I1) existed in the potential buffer solution. It was estimated by 
batchwise experiments that hydroxyl radical. OH* , was generated by the reaction of hydrogen peroxide with Fe(I1) 
as an intermediate, and subsequently oxidized bromide to bromine. In a flow system, analytical sensitivities to 
hydrogen peroxide obtained by the detection of the transient change of potential were enhanced about 75 fold 
compared with those obtained by using the potential change caused by the reaction of hydrogen peroxide with the 
potential buffer solution without bromide and Mo(V1). Sensitivities increased with decreasing concentration of the 
Fe(III)-Fe(I1) buffer in the reagent solution. The detection limit (S/n:= 3) of 4 x lo-’ M (13.6 ppb) was achieved 
by using the 1 x IO-4 M Fe(III)-Fe(I1) buffer containing 0.4 M NaBr, 1.0 M H,SO, and 0.5% (NH,),Mo,O,,. 
Analytical throughput was ~40 h ’ and the RSD (n = 6) was 0.6% for measurement of 4 x lop6 M hydrogen 
peroxide. The proposed method was applied to the determination of hydrogen peroxide in real rainwater samples, and 
was found to provide a good recovery for H,Oz added to rainwater samples. 

Kr~~vorils: Bromide; Flow-injection; Hydrogen peroxide: Iron(IIl)-iron(I1) potential buffer; Molybdenum: Potentio- 
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1. Introduction 

Hydrogen peroxide in the atmosphere is known 
to be formed by a reaction of two HO, radi- 
cals, which are produced in photochemical oxida- 
tion processes of hydrocarbon compounds [l]. 
The amount of hydrogen peroxide existing 
in photochemical smog is said to be increased 
in summer due to an increase in the intensity 
of ultraviolet light. Sulfur oxides (SOx) and 
nitrogen oxides (NOx) which are discharged at 
industrial areas, are major causes of acid rain 
as they are oxidized to sulfate ion and nitrate 
ion by hydrogen peroxide in the atmosphere. 
The oxidation process of these oxides in the 
liquid phase is different from that in the gas 
phase. In the liquid phase, hydrogen peroxide 
is said to be a dominant source of oxidant 
for SOx and NOx [2]. Therefore, hydrogen per- 
oxide in rainwater also plays a part in the 
formation processes of acid rain, so that the 
development of an analytical method for hydro- 
gen peroxide is important in atmospheric environ- 
mental analysis. 

An analytical method for trace hydrogen per- 
oxide in rainwater is required to be highly sen- 
sitive and accurate. Furthermore, since trace 
hydrogen peroxide is unstable and is rapidly 
decomposed by many substances, a rapid analyti- 
cal method which can be operated in a substan- 
tially closed system, is desirable for measuring 
hydrogen peroxide. Flow-injection analysis (FIA) 
[3] has been shown to be a versatile and valu- 
able tool that can analyze many samples automat- 
ically and quickly and is therefore suitable 
for analyzing unstable analytes such as hydrogen 
peroxide in rainwater. There have been many 
reports on the determination of hydrogen per- 
oxide using FIA. Spectrophotometric [4-71, 
fluorophotometric [lo- 131 and chemilumines- 
cence methods [14- 191 using peroxidase, and 
a spectrophotometric method using titanium(IV)- 
2-((5-bromopyridyl)azo)-5-(N-propyl-Ri-sulfo- 
propylamino) phenol (Ti - PAPS) reagent [8.9] 
have been reported and applied to rainwater 
samples [7-9,12,13,18:19]. An ultra-highly sensi- 
tive flow analysis that detected a concentration 
as low as 10-l’ M by applying a sensitized chemi- 

luminescence method [20,21] has also been 
reported. Electrochemical methods based on 
amperometry for determination of hydrogen 
peroxide have been reported where a preoxi- 
dase immobilized column or oxidation reaction 
of iodide were employed [22-251. However, 
few reports on the potentiometric determin- 
ation of trace hydrogen peroxide have appeared 

P4. 
Recently, we have reported on the potentio- 

metric FIA of redox components utilizing reac- 
tions with potential buffer solutions consisting 
of a redox pair such as Fe(III)-Fe(II), Fe(CN),” 
~ Fe(CN),4 and Ce(IV)-Ce(II1) [27-301. In a 
previous paper [29], a highly sensitive poten- 
tiometric method for determination of various 
oxidizing components such as bromate ion, 
chlorite ion, Cr(V1) and hydrogen peroxide has 
been proposed by detecting the largely transi- 
ent potential change of an oxidation-reduction 
potential (ORP) electrode which appears for 
a short period after mixing a sample with a 
Fe(III)~Fe(II) potential buffer containing bro- 
mide. Our method has been applied to the de- 
termination of Cr(V1) in seawater and suffi- 
cient sensitivity was obtained to meet the Japan 
standards level for Cr(V1) in effluent water 
(~500 ppb) [30]. In this method, bromine 
generated by the reaction of Cr(V1) with bro- 
mide was proved to cause the large poten- 
tial change by spectrophotometric studies of 
the reaction. Furthermore, from the spectro- 
photometric studies, it was clarified that 
Fe(I1) induced the oxidation of bromide and 
Cr(V) generated as an intermediate during 
the reaction of Cr(V1) with Fe(I1) oxidized bro- 
mide to bromine. 

In this paper, the potentiometric analytical 
method for hydrogen peroxide, reported in 
Ref. [29], was examined in detail to improve 
the sensitivity, and was applied to rainwater. 
Furthermore, in order to elucidate the reaction 
mechanism involved in the present method, 
bromine generated by the reaction of hydro- 
gen peroxide with the Fe(III)-Fe(I1) potential 
buffer containing bromide was determined by 
batchwise experiments. 
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2. Experimental 

2.1. Reugents und solutions 

Standard aqueous solutions of hydrogen perox- 
ide were prepared by diluting analytical grade 
hydrogen peroxide (purity 30%); (Katayama Ltd.) 
with deionized water. Stock solutions (0.1 M) of 
Fe(II1) and Fe(I1) in 0.1 M H,SO, were prepared 
according to the procedure described previously 
[29]. The stock solution (2%) of MO(W) was 
prepared by dissolving ammonium molybdate 
(Katayama) with hot deionized water. An 
Fe(lII)-Fe(U) potential buffer solution containing 
0.4 M NaBr, 0.5% Mo(V1) and 1.0 M H,SO, 
(Solution A) was prepared by mixing the above 
stock solutions mentioned above. An Fe(III)- 
Fe(I1) buffer solution without bromide and 
MO(W) (Solution B) was prepared in the same 
manner as solution A. Solutions A and B were 
used as the reagent solutions of the flow system as 
well as for the batchwise experiments. 

(b) 10 x 10-6M 

I 

Fig. I. Schematic FIA diagram for H202 (a) and calibration 
peaks (b). R.S.. reagent stream (solution A); C.S.. carrier 
stream (H,O); R.C., reaction coil (100 cm x 0.5 mm i.d.): P. 
peristaltic pump; S, sample injector (200 itI); C. confluence 
point; D, flowthrough type ORP electrode detector: W. waste. 
The temperature of R.S. and C.S. was maintained at 25°C. 

2.2 Procedure jtir j?o,v-injection determination oj 
hydrogm peroxide 

A schematic diagram of the flow-injection sys- 
tem is given in Fig. la. The flow-injection appara- 
tus consisted of a peristaltic pump, a sample 
injection valve, a flowthrough ORP electrode de- 
tector, which consists of a gold-plated ORP elec- 
trode and a silver/silver chloride reference 
electrode, a potentiometer and a recorder as de- 
scribed previously [29]. PTFE tubing of 0.5 mm 
i.d. was used for the manifold. 

Solution A was pumped through the reagent 
channel (R.S.) at a flow rate of 1 ml min-‘, while 
water was pumped through the carrier channel 
(C.S.) at the same flow rate. The reagent and 
carrier channels are maintained at 25°C. The sam- 
ple solution (200 ~1) was injected into the carrier 
stream and merged with the reagent stream at 
confluence point C. Hydrogen peroxide in the 
sample reacted with the components in the 
reagent stream in the 100 cm long reaction coil 
(R.C.). The mean residence time of the sample 
zone in the R.C. was about 6 s. The change of 
potential of the ORP electrode detector (D) was 
measured with the potentiometer and its signal 
was recorded as a peak. 

2.3. Procrdurr j&r hutchwisr experiment und deter- 
mination oj’ bromine grneruted by the rruction of 
hUvdrogm peroxide Mith the rrugrnt solution 

The relationship between the potential change 
of the ORP electrode and the reaction time was 
examined by the same batchwise experiments as 
described previously [29]. 10 ml of a H,O, sample 
solution was added quickly to 10 ml of solution A 
or solution B in which the ORP electrode and the 
reference electrode used for the detector were 
immersed. The potential change of the ORP elec- 
trode was measured as a function of time and 
recorded. 

A schematic diagram of the experimental ap- 
paratus for determinations of free bromine gener- 
ated by the reaction of hydrogen peroxide with the 
reagent solutions used for the flow system is given 
in Fig. 2. Solution A (45 ml) was placed in a 
reaction vessel (a) at 25°C and bubbled vigorously 
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Fig. 2. Schematic diagram of the experimental apparatus for 
determination of bromine evolved by the reaction between 
Hz02 and reagent solution: (a) reaction vessel. solution A (45 
ml); (b) syringe. HzO1 solution (5 ml); (c) KI solution (100 
ml): (d) Nz gas bomb; (e) gas scrubber: (I) manometer. 

with Nz carrier gas. 5 ml of H,O, solution (b) was 
quickly added to solution A. The total volume of 
the mixed solution in the vessel was 50 ml. The 
reaction was allowed to take place for 30 s and 
then free bromine generated in vessel (a) was 
transferred by N, gas to a vessel (c) filled with a 
KI solution (100 ml), pH 7.4-7.6. Bromine was 
absorbed by the KI solution and iodine oxidized 
by bromine was determined spectrophotometri- 
tally at a wavelentgh of 352 nm (E = 2.76 x 104). 

3. Results and discussion 

3.1. Potential change of ORP electrode for 
reaction of hydrogen peroxide with reagent 
solutions in batch system 

The reaction between H,O, and Fe(II) in sulfu- 
ric acid solution is expressed as follows: 

H,O, + 2Fe2 + + 2H+ -+ 2Fe3 + + 2H,O (1) 

Fig. 3 shows the potential response of the ORP 
electrode arising from the reaction between H,O, 
and solution A or B in the batchwise experiment. 
Curve (a) shows the potential change when a 
1 x lop4 M H20z solution was added to solution 
B. The response potential increased gradually 
with time and finally reached a constant equi- 
librium potential after reaction for 1 min. The 
observed potential change between the initial po- 
tential and the equilibrium potential agreed well 
with the value (10.38 mV) calculated from the 

Nernst equation based on reaction (1). When the 
1 x lo-” M H,Oz solution was added to solution 
B containing 0.5% Mo(VI), the potential quickly 
increased from the same initial potential to the 
same equilibrium potential as those for the above 
solution. However, the time for the potential to 
reach the equilibrium potential was as short as 15 
s. This means that Mo(V1) acts as a catalyst of 
reaction (1). Curve (b) shows the response poten- 
tial change when solution B containing bromide 
was used. The potential increased quickly within 6 
s, decreased gradually with time after passing 
through a maximum, and finally reached a con- 
stant equilibrium potential which is almost the 
same as that of curve (a). The potential change of 
the maximum point at a reaction time of 6 s, was 
~5 times larger than that of curve (a) at the same 
time. This mountain-shaped transient potential 
may be due to bromine generated as an intermedi- 
ate by the reaction between hydrogen peroxide, 
bromide and Fe(I1) in sulfuric acid solution. That 
is, the electrode reaction seems to be shifted from 
the standard potential of the Fe(III)-Fe(I1) cou- 
ple (0.77 V vs. NHE) to that of the Brz-Br- 
couple (1.06 V vs. NHE). Curve (c) shows the 

I I 
0 30 

Time I? 
90 

Fig. 3. Potential change of the ORP electrode by addition of 
the HzOz solution to the Fe(III)-Fe(II) buffer solution: (a) 
1 x IOmJ M HzO, solution + solution B: (b) I x IO-” M Hz02 
solution + solution B containing 0.4 M NaBr; (c) 5 x IO-’ M 
HZ02 solution + solution A. AE is the potential difference 
between the initial potential and the equilibrium potential of 
the ORP electrode after addition of the HzOz solution to the 
Fe(III)-Fe(I1) buffer solution. 
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Fig. 4. Amount of bromine generated by the reactton between 

H20L and bromide solution containing Fe(Il) and Mo(VI1) or 

ethanol: (a) 5 ml of 7 x lW7 M HIOz was added to 45 ml of 

the solution A; (b) 5 ml of H,O, was added to 45 ml of 

solution A containing 20 (v v”:,) ethanol. The reaction time is 

30 s. 

response potential when solution A was used. In 
this case, in spite of the lower concentration of 
H,O,, half of the concentration in curves (a) and 
(b), the potential change is steep and its maximum 
potential is much larger than that of curve (b). 
This indicates that the reaction rate for generation 
of bromine is accelerated by the addition of 
MO(W) to the reagent solution if the potential 
maximum comes from bromine. Sensitivity (mV. 
mM ‘), based on the potential change normalized 
by the concentration of H,O, at the maximum of 
the curve (c), was 2 1.2 x lo3 and was enhanced 

by ~40 fold compared to the transient potential 
change at the same time for curve (a). The poten- 
tial change at the maximum was almost propor- 
tional to the H,O, concentration down to 
1x10 5 M. The decrease in the potential with 
increasing reaction time after passing through the 
maximum may be due to consumption of 
bromine. The potential change was increased 2 
1.2 times when the concentration of Fe(lII)- 
Fe(I1) in solution A was decreased from 1 x 10 ’ 
M to 1 x lo- a M. keeping the concentrations of 
Mo(V1) and bromide the same. This may be due 
to a decrease in the reduction rate of bromine by 

Fe(I1). Therefore, a highly sensitive determination 
of hydrogen peroxide is expected if the potential 
change around the maximum obtained by lower- 
ing the concentration of Fe(III)-Fe(I1) in solution 
A can be detected by a flow-injection system 
which is capable of using a transient reaction. 

3.2. Reuction mechunism of trcmsirnt potential 
chungr hi, rraction brt,~wn hydrogen peroxide 
and twgent solutions contuining bromide, Fe(II) 
und Mo( VI) 

In order to elucidate the large potential change 
described above, the elementary reactions which 
possibly occur between H,Oz. Br. Fe(I1) and 
Mo(V1) in an acidic solution were examined ex- 
perimentally and theoretically. Reaction (2) is ex- 
pected to occur spontaneously, judging from the 
following facts: 

(1) From the results of the batchwise experi- 
ments, the large transient potential change, be- 
lieved to be due to bromine generation, was 
observed when solution A was used. 

(2) The value of the Gibbs’ free energy of the 
reaction between H,O, and bromide in the acidic 
solution is negative [31]: 

H,O, + 2Br~ + 2H + + Br, + 2H,O 

AG = -32.5 kcal mol ’ (2) 

This suggests that the amount of bromine gen- 
erated by reaction (2) is dependent on the concen- 
tration of bromide. but it was not true 
experimentally for solution A containing different 
concentrations of bromide. Therefore, the effect 
of the concentration of Fe(I1) on the amount of 
bromine generated by the reaction of hydrogen 
peroxide with solution A was examined using the 
apparatus shown in Fig. 2. In this apparatus, the 
residence time of bromine generated in the reac- 
tion vessel is very short, and bromine is trans- 
ported quickly to vessel (c) filled with the KI 
solution. The reaction time in the vessel was set at 
30 s, because the time at the maximum of the 
transient potential described above was very 
short. The results are shown in Fig. 4. As can be 
seen from curve (a), the amount of bromine gen- 
erated was very small when the reagent solution 
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contained bromide and MO(W) without Fe(II), 
but the amount of bromine increased markedly 
with increasing concentration of Fe(U) up to 2 x 
10 ’ M in the reagent solution. Therefore, this 
indicates that the presence of Fe(I1) in the reagent 
solution contributes greatly to the generation of 
bromine. This may be because Fe(I1) induces the 
oxidation of bromide in a similar manner to when 
bromide is oxidized by Cr(V) in the presence of 
Fe(I1) as reported previously [30]. The decrease in 
the amount of bromine with increasing concentra- 
tion of Fe(I1) above 2 x lop3 M may be due to the 
consumption of bromine by reaction with Fe(I1). 

Kolthoff and Medalla [32] reported that the 
rate equation of reaction (1) can be expressed by 
a first-order reaction with respect to HzOz and 
Fe(I1) and measured the rate constant for the 
reaction. They pointed out that reaction (3) 
where hydroxyl radical (OH.) is produced as an 
intermediate, is a rate-limiting step of reaction (1). 
This radical is known to oxidize organic com- 
pounds such as alcohols, acetone, acetic acid, etc. 
Curve (b) in Fig. 4 shows the case where solution 
A containing 20% (v/v) ethanol was used. The 
amount of bromine is less than one-third that of 
curve (a). This result suggests that the hydroxyl 
radical generated as an intermediate of reaction 
(1) reacts with bromide to generate bromine as 
expressed by reaction (4). The lower amount of 
bromine in the presence of ethanol may be be- 
cause hydroxyl radical reacts preferably with 
ethanol than with bromide. It is possible to be- 
lieve that this side-reaction of hydroxy radical 

Table I 
Effect of concentrations of Fe(III)-Fe(II) buHer in solutions .4 
and B on sensitivjity (the flow system is the same as that of Fig. 
la) 

Fe(III)-Fe(I1) Sensitivity (mV mM ‘) Enhancement 
concentration” facto+ 

Solution A Solution B 

I x lo-” 5.6 x IO’ IO 56 
I x IO-’ 2.5 x IO3 42 60 
I x lo-” 3.3 x IO3 44 75 

“ Both Fe(II1) and Fe(I1) are dissolved in the same 
concentration in the buffer. 
’ Defined as the ratio sensitivity obtained by solution A to that 
obtained by solution B. 

with ethanol suppressed the reaction with bro- 
mide. Therefore, the generation of bromine by 
addition of H,O, to the solution containing Br 
and Fe(I1) in sulfuric acid can be explained by 
considering the elementary reactions (3))(5). The 
contribution of reaction (2) to the generation of 
bromine seems to be very small, as can be seen 
from Fig. 4 at the concentration of Fe(I1) = 0. 

H20?+Fe’+ +H++Fe”+ +OH*+H,O (3) 

OH*+Br +H+ +1/2Br,+Hz0 (4) 

OH.+Fe’+ +H+ +Fe’+HzO (5) 

H,O, reacts with Fe’ - to produce hydroxyl radi- 
cal and the hydroxyl radical produced simulta- 
neoulsy oxidizes Br and Fe’+. The abrupt 
potential increase shown in Figs. 3b and 3c can be 
explained by the bromine generated from the 
elementary reaction above. The presence of 
Mo(V1) in the solution may accelerate reactions 
(3) and (4). The overall reaction of H,O, with the 
solution containing Br - and Fe’+ is expressed by 
reaction (6) (sum of reactions (3) and (4)) 

H,O,+Fe’+ +Br-+2H+ 

+ 1/2Br, + Fe’ + +2Hz0 (6) 

As shown in Figs. 3b and 3c, the potential de- 
creases after passing through the maximum. This 
decrease in the potential can be explained by 
consumption of bromine: 

1 i2Br, + Fe’ + -+ Fe’ + + Br (7) 

Reaction (1) is the sum of the elementary reac- 
tions (3) and (5). The reactions of H,Oz with 
solutions A and B are expressed by the same 
overall reaction (I), but the former reaction con- 
sists of the elementary reactions (3), (4) and (7), 
while the latter reaction consists of reactions (3) 
and (5). That is, the presence of bromide in 
solution A may act as an homogeneous catalyst 
for the formation and reduction of bromine. 

3.3. Flow-i!jection malysis of truce hydrogen 
prroside 

The flow system utilizing the detection of the 
large transient potential change described in the 
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Table 2 
Recovery of HzOz added to rainwater (samples A and B 
were collected at Kyushu Sangyo University and the pHs 
were 4.22 and 4.17 respectively) 

Sample HzOz added Hz02 found Recovery 
(Date) (x IO-” M) (x IO-” M) (‘Xl) 

A 0 0 
(30/10/93) 2.50 2.41 96.4 

5.00 4.79 95.8 
7.50 7.41 98.8 

B 0 0 
(8;11,93) 2.50 2.58 103.5 

5.00 5.20 104.1 
7.50 7.41 98.8 

previous section was designed as shown in Fig. la. 
The concentration of the potential buffer solution 
and the reaction time were important factors for 
the sensitive determination of H,O, based on 
the detection of the transient potential change. 
The sensitivity to hydrogen peroxide increased 
with increasing concentrations of sulfuric acid 
and sodium bromide in the potential buffer solu- 
tion, and became almost constant at about 0.5- 
1.0 M sulfuric acid and ~0.4 M sodium bromide. 
Since the reaction time which gave the maximum 
potential was 6 s from the batchwise experi- 
ments shown in Fig. 3c, a 100 cm long reac- 
tion coil and a pumping rate of 1 ml min- ’ 
for the carrier and reagent streams were set 
for the flow system to maintain the reaction time 
at 6 s. The calibration peaks for the standard 
H,Oz sample are shown in Fig. lb. The relative 
standard deviation (RSD) for peak heights 
was 0.6% for determinations of six samples 
of 4 x lop6 M hydrogen peroxide. A sampling 
rate of 40 H ’ was possible with the present 
manifold. The detection limit at a signal-to- 
noise ratio of 3 was 4 x lo-’ M (13.6 ppb). In 
this case, sensitivity, peak heights normalized 
by concentrations of H,O,, was 3.3 x lo3 mV/ 
rnM-- ’ and was 75 times larger than that using 
the reagent solution without bromide and Mo(V1) 
i.e. solution B. The sensitivity was also dependent 
on the concentration of Fe(III)-Fe(H) in solution 
A. The sensitivities to H20, obtained for solution 
A at different Fe(III)~Fe(II) concentrations are 

listed in Table 1 together with those for solution 
B. The sensitivity increases with decreasing 
concentration of Fe(III)-Fe(I1) for the solutions 
A and B in the same way as for the batch- 
wise experiments. The enhancement factor, 
defined as the sensitivity ratio, for solutions A 
and B increased slightly with decreasing concen- 
tration of Fe(III)-Fe(I1). The sensitivities ob- 
tained for solution A with the flow system were 
about twice those obtained for the same solu- 
tion with the batch system. The lower sensitivity 
with the batch experiment may be due to escape 
of the generated bromine into the atmosphere 
because of the open system [29]. 

The effects of several coexisting ions for the 
determination of hydrogen peroxide were exam- 
ined. Coexisting 100 fold amounts of Cl -, SO,’ 
, NO;. Na+, K-, ME’+, Ca2+ and NH,+ which 
are usually contained in rainwater were tolerated 
for the determination of 4 x lo-” M hydrogen 
peroxide. 

3.4. Appkution to l~J)drogrn peroxide in 
ruinwat~~r 

It is generally said that hydrogen peroxide con- 
tent in rainwater is greatly influenced by the sea- 
son of the year. For example, Matsubara et al. [9] 
have reported that the concentration of hydrogen 
peroxide in rainwater was (7-9) x lop6 M in sum- 
mer and (0.5-1.5)x lop6 M in winter in the 
Kanto district of Japan. These results were ob- 
tained with theri FIA method using the Ti-PPAS 
reagent. Our proposed method was applied to two 
rainwater samples collected at our university in 
November. The results are shown in Table 2. 
Hydrogen peroxide in two samples could not be 
detected either by our proposed method or by the 
method of Matsubara et al., using the Ti-PPAS 
reagent. This means that H,O, in the rainwater 
sample must be less than 13.6 ppb, the detection 
limit of our method, or 1.36 ppb (S/N = 2), that 
of the method of Matsubara et al. Our method 
was than applied to the rainwater sample to which 
a known amount of the standard H,O, solution 
was added. The proposed method provided a a 
good recovery within 95-104% for samples con- 
taining hydrogen peroxide at the lop6 M level. 
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4. Conclusion 

In conclusion. the proposed flow-injection anal- 
ysis method for hydrogen peroxide was improved 
in sensitivity compared to the previous method 
[29] and applied to the determination of hydrogen 
peroxide in a rainwater sample. It was realized 
that hydroxyl radical. OH., produced by the in- 
duced reaction of hydrogen peroxide with Fe(U), 
contributes to the generation of bromine which 
causes the large transient potential. The proposed 
method could be useful for the determination of 
concentrated hydrogen peroxide in the bleaching 
process of dyeing. 
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Abstract 

An automated flow-injection method for determination of primary aromatic amines based on the Bratton-Mar- 
shall reaction is described. This method is used for analysis quality control of three different X-ray contrast media 
(Omnipaque”, Imagopaque” and Visipaque’” which are viscous solutions. In flow-injection analysis. such samples 
cause refractive index effects and low. broad peaks due to prolonged residence time. hese interferences are minimized 
by the use of a carrier solution (7 w/v ‘%I NaCl in 1 M HCI) with same refractive index as the samples. careful pH 
adjustment, use of knotted coils, and a specially designed detector. Validation of the method in the concentration 
range 4-40 /~g ml-’ (injected samples) shows a repeatability (n = 6) and day-to-day reproducibility (n = 9) of 0.4-9.2 
and 2.3- 17.5% RSD respectively. The accuracy is 8l(near the lower limit of detection)- 101%. with a limit of 
detection of 1 ,ug ml-‘. Linearity was shown in the concentration range tested. The method is well suited for 
in-process analysis, release control and stability testing of both drug substance and drug product. The cost of analysis 
is reduced compared to the manual method. 

Keywords: Aromatic amine; Flow-injection analysis; Quality control; X-ray contrast media 

1. Introduction 

Nycomed Imaging AS, acknowledged as a world 
leader in contrast agents for X-ray, magnetic reso- 

* Corresponding author. Fax: ( + 47) 22-89-1200: e-mail: 
gro.johansen@nycomed.telemax.no 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA ‘95). held in Seattle, WA. 
USA. August 13-17, 1995. 

nance imaging (MRI) and ultrasound techniques, 
develop, manufacture, and promote contrast 
agents within these modalities. The company is, in 
common with other pharmaceutical companies, 
interested in reduction of production time and 
costs; here we include analytical costs. Thus, sim- 
ple. rapid and precise analytical methods are con- 
tinuously developed and flow-injection analysis 
(FIA) is one of the promising techniques evaluated. 

0039-9140~96:$15.00 C 1996 Elsevier Science B.V. All rights reserved 
PIf SOO39-9140(96)01 X44-9 



Omnipaque *, Imagopaque and Visipaque” are 
non-ionic, iodinated X-ray contrast media sup- 
plied as ready-for-use aqueous injection solutions 
with different iodine concentrations. A primary 
aromatic amine-5-amino-NJ’-bis(2,3-dihydrox- 
ypropyl)-2.4,6-triiodo- 1,3 - benzenedicarboxamide 
(Cpd 5400)-is an intermediate in the chemical 
manufacturing process of these contrast media 
and hence is a possible impurity in the products. 
The primary aromatic amine concentration is 
controlled in-process, for release and during sta- 
bility studies of both drug substance and drug 
product. The current analytical method is a man- 
ual, time-consuming spectrophotometric tech- 
nique based on the Bratton-Marshall [l] 
reaction. The number of papers on FIA determi- 
nation of primary aromatic amines [2-71 pub- 
lished, and the fact that the samples are aqueous 
with a well-defined sample matrix, made FIA an 
attractive technique. 

This paper presents an FIA method developed 
for the quantification of Cpd 5400 in the contrast 
media. As these media are concentrated and vis- 
cous samples, refractive index (RI) effects [8] and 
broad peaks with prolonged retention time [9] 
were expected. Optimisation steps are thus pre- 
sented. as well as validation results. 

2. Experimental 

2.1. Reagents 

Sodium chloride, sodium nitrite and hydro- 
chloric acid of p.a. grade were prepared in 
degassed deionized water to the concentra- 
tions given in Fig. 1. The carrier solution con- 
sisted of 7% w/v NaCl in 1 M HCl. Solutions of 
0.1% w/v N-( l-naphthyl)-ethylenediamine-dihy- 
drochloride (NEDD) (Merck, Darmstadt), and 
0.6 mM NaNO, were freshly prepared. 5-Amino- 
N,N’- bis(2,3-dihydroxypropyl)-2,4,6-triiodo-1.3- 
benzenedicarboxamide (Cpd 5400). the X-ray 
contrast media drug substances (iohexol, iopentol, 
and iodixanol), and the corresponding drug prod- 
ucts (Omnipaque”, Imagopaque”. and Visi- 
paque”) were all manufactured by Nycomed 
Imaging AS. 

2.2. Instruments 

Two commercial FIA systems were used for 
development, optimization and validation of the 
method: a Tecator 5010 Flow-Injection Analyzer 
equipped with Tecator 5017 Sampler, Tecator 
5023 Spectrophotometer and Tecator VlOO Injec- 
tor (Tecator AB, Sweden), and a Lachat 
QuickChem AE Ion Analyzer (Lachat Instru- 
ments, Milwaukee, WI) equipped with a spec- 
trophotometric detector designed by Lachat for 
samples with high matrix concentration. The ana- 
lytical manifold designed for this analysis, 
reagents, flow rates and detection wavelength are 
shown in Fig. 1. 

2.3. Procedure 

Six calibration aqueous standards (4, 8, 12, 20, 
40, and 50 ,~g Cpd 5400 ml ~ ‘) were prepared by 
first diluting the standard stock solution (1000 pg 
Cpd 5400 ml-‘) with carrier solution to 100 yg 
Cpd 5400 ml-’ and then by taking aliquots (1 .O- 
12.0 ml) of the latter. further diluted to 25.0 ml 
with carrier solution. Samples of drug substance 
(1.22 g weighed accurately) were dissolved in 10 
ml of water. Concentrated HCl was added (3.0 
ml), and the mixture was then diluted to 20.0 ml 
with water. Drug product samples were prepared 
by adding 3.0 ml HCl, and diluting to a concen- 
tration equivalent to 60 g drug substance ml-‘. 
Samples for the validation were prepared by spik- 
ing the X-ray drug substances with various 
amounts of Cpd 5400 prior to dilution with wa- 
ter. Final concentrations are given in Table 1. 

Fig. I. Flowinjection manifold for primary aromatic amine 
analysis: I, injector. 40 ~1 loop; C,. reaction coil knotted, 40 
cm x 0.8 mm; Cz, reaction ~011, knotted. 200 cm x 0.8 mm: C,. 
reaction coil, knotted, 50 cm x 0.8 mm: C, carrier, 7% w/v 
NaCl in 1 M HCI; R,. I M HCI; R,. 0.6 mM NaNOZ; R,. 
O.I”,r w v NEDD. 



Table I 
Validation data for FIA method for determmation of primary aromatic amine (Cpd. 5400) in X-ray contrast media. Samples of 
spiked drug substance 

Added Cpd 
5400 

be go ‘) 

Accuracy 
(“4, recovery) 

Linearity” Precision Sensitivity 

Repeatability Reproducibility LOD LOQ 
(‘%>RSD) (“%RSD) (pg a-‘) (/LET g-‘) 
(A’= 6) (n:= 12) 

tohexol 98.2- 100 r= 0.998 0.4 I.8 2.4-3.0 20 65 

(51.4-308) n = 0.96 

Iopentol 97.0-97.3 r = 0.998 0.7 2.5 2.3 -4.0 27 90 
(51.3 513) II = 0.98 

lodixanol 81.3-101.7 r = 0.9997 1.1-9.7 2.8 17.5 24 81 
(51.3-819) II = 0.99 

~I r = regression coeflicient; II = factor of curvature. In Y = 0 + /I\-“: zero within 95% confidence limits for all methods. 

Standards and sample solutions are injected into 
the manifold. The concentration of the samples is 
calculated by using peak area and standard curve. 

3. Results and discussion 

The manual procedure for determination of 
primary aromatic amines is based on the Brat- 
ton-Marshall reaction. The amine is diazotized 
with nitrous acid giving a diazonium ion which is 
coupled to NEDD. The reaction product, an azo 
dye. is measured spectrophotometrically at 495 
nm. This procedure involves a cumbersome reac- 
tion, which requires low temperature (ice bath) 
for stabilization of the diazonium ion, and addi- 
tion of nitrous acid at an exact given time inter- 
val. Excess nitrous acid must be removed by 
adding sulphamic acid, with subsequent debub- 
bling of the nitrogen formed, as nitrous acid 
decomposes the chromogen and azo dye. The 
produced azo dye must be measured within a 
specific time interval. 

3.2. FIA nwthod 

The FIA method is based on a paper presented 
by Koupparis and Anagnostopoulou [2]. With a 

combination of low nitrous acid concentration 
and the advantageous kinetic nature of FIA, they 
were able to eliminate the removal of excess ni- 
trous acid. The method was fast, sensitive, linear 
and worked well with aqueous solutions of Cpd 
5400. 

3.3. Optimiscrtiotl 

To optimize the system for Cpd 5400. a 24 
factorial design with reaction time (flow rates), 
acid, nitrite, and NEDD concentrations as vari- 
ables was performed. It was shown that the main 
effects were caused by the reaction time and the 
acid and nitrate concentrations. Further univari- 
ate optimisation of reaction time (flow rates, reac- 
tion coil dimensions), concentration of HCl and 
nitrous acid, and wavelength, resulted in the man- 
ifold described in Fig. I. 

To make analysis as simple and fast as possible, 
injection of undiluted samples would be advanta- 
geous. However, the contrast media are highly 
concentrated, and have high viscosities (22-27 
cP). Fig. 2 shows injection of undiluted Visi- 
paqueKl (320 mg 1 ml ‘) and aqueous standard (4 
Cpd 5400 jrg ml ‘). Here. two major effects of 
FIA of viscous and concentrated samples are 
demonstrated. Firstly, an RI effect occurs when 
the sample matrix of samples with low analyte 
concentration is more concentrated than the car- 



rier, and vice versa. The RI effect, characterized 
by a positive and a negative peak, is superim- 
posed upon the analytical signal. making deter- 
mination of low analyte concentrations 
impossible. Secondly, the sample viscosity causes 
prolonged residence time in the coils resulting in 
lower and broader peaks (Fig. 2). 

With a combination of several simple steps, 
these problems were minimized: sample dilution 
and reduction of injection volume is the easiest 
way to eliminate problems caused by concen- 
trated sample matrix. However, the low analyte 
concentration prevents dilution of the samples 
by more than 5- 10 fold. Thus, to minimize the 
RI effect, a carrier with the same RI as the 
diluted samples was introduced. It consisted of a 
high concentration of an inert compound-7% 
w/v NaCl in 1 m HCl. Aqueous standards were 
also diluted with the carrier. Finally, to make 
the method more rugged, a detector designed by 
Lachat to minimize RI effects was used. In this 
detector. the light aperture is reduced in size 
and placed slightly off center, the surface area 
of the photodiode is increased, and the flow cell 
has a flat, highly polished surface. 

Injection of analyte-free sample in the mani- 
fold results in a negative peak. This peak, which 
is another effect of sample viscosity, is superim- 
posed upon the analytical signal, causing an an- 
alytical error. This is explained by a slow, 
pH-dependent reaction between NEDD and ni- 
trous acid which causes an absorbing back- 
ground. The reaction time available for this 
reaction is short (coil 3, Fig. 1). When a viscous 
sample is injected, the background absorption is 

Fig. 2. Maximized FIA signals of undiluted Visipaque” 320 

mg I ml-’ (a). and aqueous standard 4pg Cpd 5400 ml-’ (b). 

lower compared to normal conditions. This is 
caused by incomplete mixing and hindered 
molecular transport, and the result is a negative 
peak. The diazotation of the amine is not hin- 
dered by the sample viscosity, because the reac- 
tion time is longer (coil 2, Fig. l), nor is the 
fast coupling reaction with NEDD in coil 3. 

The samples were adjusted with acid to com- 
pensate for this loss of background absorption. 
The amount of acid added was chosen carefully, 
since the diazotation reaction is also pH-depen- 
dent. The accuracies and the linearity given in 
Table 1 show that the amount of acid added is 
just sufficient to compensate for the loss of 
background absorption. For further minimiza- 
tion of sample viscosity effects, knotted coils 
were used to optimize mixing. Under these con- 
ditions, the use of peak area instead of peak 
height was adequate to compensate for the 
broader sample peaks compared to aqueous 
standard peaks. 

Fig. 3 shows FIA signals obtained when the 
physical interferences were minimized. 

3.4. Vulidation 

Linearity and accuracy (given as the recovery 
of added amounts of Cpd 5400) were tested at 
six and three concentration levels respectively. 
Precision was tested at three levels: as re- 
peatability with six sample replicates, and as re- 
producibility over three days with a total of 12 
sample replicates. The specificity was studied by 
analyzing blank samples of the injection solu- 
tions without drug substance addition: i.e. excip- 
ients only. Lower limit of detection (LOD) and 
lower limit of quantitation (LOQ) were deter- 
mined by use of the variation around the cali- 
bration curve (S, ,), and its slope (b): (3xS,,,)/b 
and ( IOxS, , )/b respectively. The validation re- 
sults are shown in Table 1. The linearity is 
given as absorbance versus added amount of 
Cpd 5400 in the concentration range from the 
LOQ-corresponding to 4-40 pg Cpd 5400 
ml -’ in injected samples. The detection limit is 
approximately 1 fig ml- ‘. As the chemistry is 
specific for primary aromatic amines, and no 
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Fig 3. FIA signals of calibration standards (4. 8. I 2, 20 jig Cpd 5400 ml ‘). blank samples and samples of Visipaque’ 320 mg I 
ml- ’ 

matrix interferences were observed when 
analyzing blank samples, the method is selective 
for primary amine in X-ray contrast media. 

4. Conclusions References 

FIA is an excellent tool for automation of the 
BrattonMarshall reaction. The method de- 
scribed in this paper is well suited for the analysis 
of Cpd 5400 in in-process control. for product 
release and instability testing. The validation re- 
sults are equal to, or better than, the current 
manual method. Because the FIA method is so 
simple and fast. the analytical costs can be re- 
duced significantly, depending on the amount of 
samples analyzed in a series. The method is cur- 
rently being evaluated for other applications. 

FIA can be used for the analysis of concen- 
trated, moderately viscous samples, but to over- 
come the physical interferences caused by highly 

viscous samples, each application has to be 
“tailored”. 
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Abstract 

An electron transfer mediator, 8-dimethylamino-2.3-benzophenoxazine (Meldola Blue), dissolved in the carrier 
solution in a flow-injection system, was found to reduce the oxidation potential for hydrogen peroxide from 600- 1200 
mV without mediator to - 100 mV vs. AgiAgCI with the mediator present. The very low background current of 
reticulated vitreous carbon (RVC) at this potential makes it possible to detect very low levels of hydrogen peroxide 
or glucose. Glucose oxidase was covalently coupled with carbodiimide to RVC, and the RVC was formed into a 
column inserted in a flow-injection system. The calibration curve was linear from 30 nM to 10 PM glucose with 5 ,uM 
mediator. At higher mediator concentrations. the linear range was extended to 1000 PM, but with a much higher 
background current. The sample throughput was about 60 h- I. The current response decreased to 50% of the 
original response after 20 days. The coulometric yield was high because the sample was pumped through the pores 
of the RVC. It was 16% and 55% at a flow rate of 1 ml min ’ at mediator concentrations of 5 and 50 ,uM 
respectively. 

Keywords: Nanomolar glucose and hydrogen peroxide detection; Glucose biosensor; Enzyme electrode; Reticulated 
vitreous carbon; Amperometry 

1. Introduction 

A great number of biosensors for glucose deter- 
mination have been described in the literature 
over the last two decades [l-3]. The major goal 
has been to develop sensors for determining glu- 
case in blood. Some work has also been devoted 

* Corresponding author. Fax: ( +46)46-46-10-46-l 1. 
’ Presented at the Seventh International Conference on 

Flow Injection Analysis (ICFIA ‘95), held in Seattle, WA, 
USA, August 13-17. 1995. 
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to determination of glucose in biotechnological for glucose determination include N-methyl- 
processes. Very little emphasis has been put on phenazinium salts [8] and Meldola Blue. Both 
developing glucose sensors for the submicromolar mediator and enzymes were incorporated into car- 
range. bon paste electrodes [9]. 

Hydrogen peroxide is a reaction product in a 
number of enzymatic reactions used in substrate 
determinations. It can be determined spectropho- 
tometrically using peroxidase-catalyzed color re- 
actions of the Trinder type [4]. It can also be 
determined electrochemically by oxidation at 
about + 1200 mV vs. SCE on glassy carbon [5] or 
at lower potentials on platinum or by using chem- 
ically-modified electrodes, e.g. + 400 mV at palla- 
dium sputtered on carbon [6]. With catalysts such 
as peroxidases on the electrode surface reduction 
starts at + 600 mV and reaches a constant value 
at - 200 mV [7]. A number of soluble or immobi- 
lized mediators have been used for lowering the 
necessary electrode potentials for detection of hy- 
drogen peroxide produced by oxidases. Mediators 

The superior electrochemical properties of retic- 
ulated vitreous carbon (RVC) [lo] have prompted 
a study of this material for use as a sensor at very 
low concentration levels. Previously glucose oxi- 
dase has been coupled covalently to RVC and the 
production of hydrogen peroxide was determined 
by oxidation at + 900 mV vs. SCE [l 11. 

In this paper we report on the use of a soluble 
electron transfer mediator, Meldola Blue, which 
can detect hydrogen peroxide or glucose down 
to - 100 mV vs. Ag/AgCl. Glucose oxidase was 
used in this study because this enzyme is very 
stable and has been comprehensively studied pre- 
viously. It is thus a good model system although 
the use of other oxidases may provide even higher 
sensitivity from a practical point of view. The 
ability to select a potential at which the back- 
ground currents are extremely low should be of 
great importance in making sensors for low sub- 
strate levels. 

Counter electrode (Pt) 
-I- 

Reference electrode 

S~hcon rubber 

RVC (counter electrode) 

RVC (working electrode) 

Flanged tubing 

Working electrode 

(Platinum) 

Fig. I. Cell configuration for determination of glucose or 
hydrogen peroxide. 

2. Experimental 

2.1. Clzemicu1.s 

Glucose oxidase (GOx) type S-X (Aspergilltls 
n&r). Meldola Blue, 8-dimethylamino-2,3-ben- 
zophenoxazine and 1 -cyclohexyl-3-(2-morpholi- 
noethyl)-carbodiimide metho-p-toluenesulfonate 
were obtained from Sigma. The RVC, porosity 
grade 100-S (pore size nominally 0.25 mm), was 
from Energy Research and Generation Inc. (Oak- 
land, CA). 

The potentiostat (model MA 5410, Chemel AB, 
Lund, Sweden) was set at a voltage of- 100 mV 
vs. Ag/AgCl. The carrier buffer was 0.1 M sodium 
phosphate, pH 7.0, containing 1.9 mg Meldola 
Blue 1~ ’ (5.0 PM). Meldola Blue is unstable at 
higher pH, the half-life time at pH 7.0 is 100 h 
[12], and new buffer solutions were therefore pre- 
pared every day. The peristaltic pump was from 
Alitea AB (model C-4~). Sample injection was 
through a 100 ,~l loop. 
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Table 1 
Peak currents at various applied voltages (vs. Ag AgCI) observed when injecting 100 ,uI of I ,uM glucose samples into a phosphate 
buffer. pH 7.0. containing 5 /tM Meldola Blue. Flow rate I ml mini’ 

Applied voltage (mV) -150 -100 -50 0 50 100 150 
Peak current (nA) 270 230 230 230 250 250 280 

2.2. Preparation of the column 

RVC cylinders (1.5 x 0.5 cm’) were cut (using 
eye and dust inhalation protection devices) from a 
block of material and left in 6 M HCl for 1 h. 
They were washed with distilled water until the 
solution reached pH 5, and then left in dry 
methanol for 2 h. Finally, the cylinders were dried 
in an oven at 110°C overnight. A cylinder was 
fixed in a glass tube as shown in Fig. 1 with a 
counter electrode of the same material. The refer- 
ence electrode was mounted downstream, which 
should be acceptable due to the low currents. 

2.3. Immobilization 

A 0.05 M acetate buffer (pH 5.1) containing 
carbodiimide (40 mg ml ‘) was pumped through 
the system at a flow rate of 0.2 ml min ’ for 150 
min in order to activate the RVC surface. Then 
acetate buffer was circulated under an ice bath at 
a flow rate of 1.2 ml min ’ for 30 min. For 
immobilization of GOx, an enzyme solution (60 
mg per 10 ml) in buffer was circulated in the 
column under an ice bath at a flow rate of 0.2 ml 
min’ for 3 h. The final rinsing procedure con- 
sisted of pumping a cold phosphate buffer (0.1 M, 
pH 7.5) for 5 min. 

3. Results and discussion 

The RVC material is porous and can be shaped 
in the form of a column permitting a liquid to be 
pumped through, thus giving efficient mass trans- 
fer to the surface. The surface area will be very 
large but the background current will still be low 
because of the favourable properties of RVC. A 
large surface area is necessary in order to immobi- 
lize a sufficient amount of enzyme but it is also 
necessary to obtain a high coulometric yield. The 

electrode was made in the form of a cylinder and 
inserted into a flow-injection system. 

3.1. Reaction properties 

Injection of 10 ,uM glucose samples produced 
oxidation peaks which were almost independent 
of the applied voltage, see Table 1. The redox 
potential of adsorbed Meldola Blue is - 175 mV 
at pH 7.0 [12]. The applied voltage should there- 
fore be sufficient to keep the mediator in the 
oxidized form. The potential was set to - 100 mV 
for all subsequent experiments. 

The mediator concentration has a pronounced 
effect on both the background current (Table 2) 
and the response factor and linearity of the cali- 
bration curve. Fig. 2. The lowest background was 
obtained with a mediator concentration of only 5 
/i M. The current at 10 ,uM glucose for example 
was much lower than that at the higher mediator 
concentrations; compare the current scale in the 
inset of Fig. 2 with that of the main graph. A low 
mediator concentration decreased the linear range 
(not shown in Fig. 2) because the amount present 
in the sample zone becomes less than that of the 
hydrogen peroxide or glucose. The coulometric 
yield at a flow rate of 1 ml min ~ ’ was 16, 45 and 
55% at mediator concentrations of 5, 20 and 50 
jr M respectively. 

The current due to glucose oxidation at - 100 
mV in the presence of mediator decreased when 
the flow rate increased. see Fig. 3. For compari- 

Table 2 
Observed background currents of the enzyme-covered RVC 
electrode in a phosphate buffer, pH 7.0. containing various 
concentrations of mediator. Applied voltage, - 100 mV vs. 
Ag:‘AgCl: flow rate, 1 ml mm’ 

Mediator concentration (nM) 5 20 50 
Background current (nA) IO 200 6000 
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Fig. 2. Influence of mediator concentration on the response to 
glucose injections (100 111) with various concentrations of 
Meldola Blue: (A) 50 /IM; (0) 20 PM. The inset shows the 
low range response with 5 HIM mediator. Phosphate butfer 
containing mediator. pH 7.0: applied potential, - 100 mV: 
flow rate. I ml min ‘. 

son, Fig. 3 also gives the currents for hydrogen 
peroxide oxidation at + 600 mV in the absence of 
mediator. This is the potential where the oxida- 
tion of hydrogen peroxide begins. The curves for 
hydrogen peroxide and glucose follow each other 
closely, indicating that similar rate-limiting steps 
are involved. The fast decrease in response with 
flow rate is due to a reduced residence time at the 
RVC electrode giving more time for the reactions. 

-. 
l 

0' 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Flow rate (mllmin) 

Fig. 3. Response variation with flow rate for injections (100 
/II) of IO PM glucose (0). Phosphate butfer, pH 7.0. contain- 
ing 5 ELM Meldola Biue; applied potential. - 100 mV vs. 
Ag/AgCl. The Figure also shows the response to hydrogen 
peroxide at + 600 mV in a buffer without any added mediator 
(A). 

Non-enzymatic _ I 
* . .._..._ n -’ 

GIUCOS~ and hydrogen peroxidellrM 

Fig. 4. Peak currents for hydrogen peroxide (n) and glucose 
(e) injections (100 111) with a carrier of phosphate buffer, pH 
7.0. containing 5 bM Meldola Blue. The non-enzymatic oxida- 
tion of glucose ( n ) is also shown. Flow rate, I.0 ml min-‘; 
applied potential. - 100 mV vs. Ag:AgC). 

Diffusion within the pores also plays an important 
role in the mass transfer because less substrate 
reaches the pore walls at shorter residence times. 

Kulys et al. [9] suggest that Meldola Blue (MB) 
shuttles electrons from the redox center of glucose 
oxidase (GOx) to the graphite surface according 
to the following scheme (corrected by us): 

glucose + GOx( FAD) 

--f GOx(FADH,) + gluconolactone 

GOx( FADH,) + MB + 

(1) 

--t GOx(FAD) + MBH + H + (2) 

MBH--+MB+ +H+ +2eP (3) 

In our studies, we observed that the response to 
hydrogen peroxide closely followed that of glu- 
cose. The following observations have to be ac- 
counted for in a complete description of the 
reaction mechanism. Hydrogen peroxide injec- 
tions into a system with an RVC electrode with- 
out enzyme but with mediator produced only 
negligible responses at - 100 mV. This proves that 
the enzyme is necessary for the hydrogen peroxide 
reaction. A mixture of equal concentrations of 
mediator and hydrogen peroxide (5 PM) was put 
in a spectrophotometer cuvette and monitored at 
568 nm. The absorbance decreased linearly with 
time from 0.81 to 0.75 AU in 15 min and contin- 
ued to decrease after 2 h. Oxygen will react with 
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the reduced mediator until it is finally colorless 
and no quantitative data can be drawn from the 
experiment. The mean residence time in the flow 
system is 28 s at 1 ml min ‘. i.e. the direct 
reaction between mediator and hydrogen peroxide 
is far too slow to explain the observation that 
hydrogen peroxide produces peaks at - 100 mV. 
The peak heights for glucose injections decreased 
substantially when the carrier was deoxygenated. 
Although the oxygen was not completely removed 
the experiment nonetheless proves that oxygen is 
important. This indicates that the glucose first 
reacts with oxygen to produce hydrogen peroxide 
which is then oxidized enzymatically. This path 
does not exclude a parallel reaction according to 
Eq. (2). The mediator is reduced and reoxidized 
electrochemically. The reaction scheme will then 
be 

glucose + 0, d H,O, + gluconolactone 
Ci0-X 

(4) 

H,O,+MB+---tMBH+O,+H+ (5) 

followed by Eq. (3). The proposed scheme is 
tentative and has to be supported by a mechanis- 
tic study. 

Fig. 4 shows calibration curves for three 
decades. The current reached a plateau at 100 /IM 
and did not increase when the glucose or hydro- 
gen peroxide concentration was increased to 1 

Stability 

0.05 1 

Time/days 

Fig. 5. Stability tests made by injecting 100 /tl of I /rM 
glucose. Phosphate buffer, pH 7.0. containing 5 /rM Meldola 
Blue: applied potential, - 100 mV; flow rate. I ml min ‘. 

or 10 mM (not shown). The plateau is due 
to small amounts of mediator in comparison 
with the concentrations of glucose or hydrogen 
peroxide. The two curves are almost identical 
(even at 1 and 10 mM) which indicates that 
Eq. (5) is the rate-limiting step. Thus the rate 
is highly dependent on the mediator concentration 
(see Fig. 2). 

The current observed with glucose as a sample 
decreased only slightly over the pH range 6-8. 
Hydrogen peroxide generated by the enzymatic 
reaction of glucose is produced at the pore walls 
within the diffusion layer. It reacts with the en- 
zyme and mediator which are also present within 
the diffusion layer. The mediator is regenerated 
electrochemically and immediately available for a 
new oxidation cycle. The fact that the calibration 
curves for glucose fall very close to those for 
hydrogen peroxide demonstrates that very little 
hydrogen peroxide is lost to the bulk solution 
during glucose oxidation. 

A blank electrode without enzyme was also 
prepared and its response to various levels of 
glucose is shown in Fig. 4. The oxidation current 
is concentration dependent and l-3 orders of 
magnitude lower than the currents in the presence 
of enzyme. It is, however, much higher than the 
background current obtained in the absence of 
glucose. A possible explanation for this non-enzy- 
matic reaction is a direct oxidation of some of the 
six tautomers of glucose. The aldehyde, and possi- 
bly also the gem-dial. which are present at 
0.0024% and 0.0077% respectively (27°C) [13], 
could be oxidized by the mediator or directly at 
the electrode. 

The electrode stability can be seen in Fig. 5. It 
can be seen that the response remains almost 
constant initially because the enzyme is in excess 
and some deactivation can occur without affecting 
the results. Subsequently, enzyme or electrode 
degradation reduces the response. 

4. Conclusions 

The low level calibration curve is linear up to 
about 10 ,DM and the detection limit is at present 
around 30 nM glucose but could perhaps be 
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lowered with further optimization. The electrode 
performs well in a flow-injection system and a 
throughput of 60 samples h ’ was readily ob- 
tained. The detection system is very attractive for 
low level measurements. The porous electrode 
material results in a high coulometric yield com- 
bined with a low inherent background current. 
Another advantage is the possibility of covalently 
immobilizing enzymes directly onto the RVC elec- 
trode. 
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Abstract 

Two flow-injection analysis (FIA) systems for the determination of trace manganese in salts are presented using 
highly sensitive catalytic detection based on the oxidation of 3.4-dihydroxybenzoic acid by hydrogen peroxide. Two 
different approaches. the use of a large sample volume injection in a usual FIA mode (system A) and on-line coupling 
of a cation-exchange separation column with detection in a continuous flow system (system B), have proved very 
effective for eliminating the blank peak problem and thus affording direct injection of a sample solution containing 
a large concentration of salt. The limits of determinations are 0.04 ppm and 0.01 ppm for systems A and B 
respectively, when a 5 g sample is used for preparing the 100 ml sample solution. The proposed FIA systems were 
satisfactorily applied to the determination of manganese at 0.03- 1.59 ppm in solar salts (salts made by exposing brine 
to the sun) with good precision. 

Keyrtvrds: Catalytic photometric detection; Flow-injection systems; Manganese 

1. Introduction 

The determination of some metals, e.g. calcium, 
magnesium, iron, manganese, vanadium, etc., in 
sodium chloride is of considerable interest partic- 
ularly in the chemical industry for quality checks 
of salts as raw materials and for monitoring such 
metals during the electrolysis process. A photo- 
metric method [l] with oxidation of mangan- 

* Corresponding author. Fax: ( + 81) 552-20-8183. 
’ Presented at the Seventh International Conference on 

Flow Injection Analysis (ICFIA ‘95). held in Seattle. WA, 
USA. August 13-17, 1995. 

ese(I1) to permanganate, and atomic absorption 
spectrometry (AAS) [2%4] have been used for this 
purpose. The former lacks the necessary sensitiv- 
ity for most solar salts (made by exposing brine to 
the sun) and the latter requires the time-consum- 
ing and laborious separation and/or preconcentra- 
tion of manganese from the matrix salt since AAS 
is subject to interference from a large background 
absorption by the matrix. 

Flow-injection analysis (FIA) with catalytic 
photometric detection has proved to be a power- 
ful method for rapid, simple and reproducible 
determination of trace metals. Recently, a FIA 
method has been reported with catalytic detection 

0039-9140/96/Sl5.00 C 1996 Elsebier Science B.V. All rights reserved 

PII SOO39-9140(96)01843-7 
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based on the malachite Green-periodate reaction 
for trace manganese in salts [5]. However. off-line 
batch procedures for preseparation of manganese 
using a minicolumn packed with chelating resin 
(Dowex A-l) were still needed, because the 
method suffered severely from a refractive index 
problem which occurred when the sample solution 
containing salt was injected into the carrier 
stream. In addition, the indicator reaction used 
required a long reaction time to achieve high 
sensitivity, which resulted in a long analysis time. 
Therefore, this method does not make use of the 
characteristic advantages of FIA, namely simplic- 
ity and rapidity. A blank peak effect is one of the 
great problems in FIA for determining trace con- 
stituents and is due to refractive index perturba- 
tion which occurs when samples containing a 
large excess of salts are injected into the carrier 
stream. One of the authors [6] has proposed a 
simple way to eliminate this blank peak effect 
based on the provision of a non-dispersed zone 
for analytical measurements in the sample plug. 
Ion-exchange separation, coupled directly with 
detection in a continuous flow system, described 
previously for determining manganese in river 
water [7], seems to be another possible way to 
remove the matrix effect. In the present work, we 
have studied these two approaches in the FIA 
determination of trace manganese in salts in order 
to allow direct injection of sample solutions into 
the FIA system. Manganese-catalysed oxidation 
of 3,4-dihydroxybenzoic acid (DHBA) by hydro- 
gen peroxide [8] has also been examined as a 
means for detecting trace manganese especially if 
the catalytic reaction rate detection can be used to 
eliminate the blank peak effect, even in the pres- 
ence of large amounts of sodium chloride. 

2. Experimental 

solution was diluted to 50 ml with water and the 
resulting solution was mixed with a 1.5”/0 hydro- 
gen peroxide solution in a 1:l ratio. 

Sodium carbonate solution (1 .O M) was pre- 
pared by dissolving the reagent in water. 

The eluent was prepared by mixing 0.15 M 
sodium tartrate, 0.0045 M tartaric acid and 0.3 M 
sodium chloride. 

2.2. Appwatus und general procedure 

Fig. 1 shows a schematic diagram of the mani- 
fold used. In the determination by FIA without 
on-line separation (system A), the cation-ex- 
change column (SC) should be omitted in accor- 
dance with replacing eluent (C) by distilled water 
as carrier. All components in contact with solu- 
tion (tubing, valves, and connectors) were made 
of Teflon, Daiflon. ceramics or glass. The separa- 
tion column (SC) was prepared by slurry packing 
the strong cation-exchange resin (Hitachi Custom 
Resin No. 26 11, 15.5 pm) into a borosilicate glass 
column (4 mm i.d., 7 cm long). A Tokyo 
Rikakikai Model LP-1000 pump (metal-free type) 
and a Sanuki Kogyo Model DM2M-1024 pump 
were used. The sample solution was injected into 
the carrier stream (or eluent stream) with a six- 
way valve with a 5 m sample loop (0.5 mm i.d.). 
and the absorbance was measured at 480 nm with 
a Jasco model UVIDEC- 1OOVI spectrophotomet- 
ric detector. The peak height or the height of 

L---J 
d TB 
-1 ^ ur,:r, 

Fig. I. Flow-injection manifold for determination of man- 
ganese in salts: C. carrier (water for a large sample volume 
T 
mjection: 0.15 M sodium tartratee0.0045 M tartaric acidP0.3 
M sodium chloride as eluent in the case of introducing SC); 
R,. indicator mixture (2.6 x IO -’ M DHBA and 0.75% hydro- 
gen peroxide); R,. I .O M sodium carbonate solution; S, sample 
injection with loop (0.5 mm i.d., 5 m long); SC, separation 
column (cation-exchange resin, 4 mm i.d., 7 cm long); RC, 
reaction coil (0.5 mm i.d., 5 m long): D. spectrophotometric 
detection at 480 nm; BC. back-pressure coil; TB. temperature- 
controlled bath (40°C): W. waste. 

2.1. Solutions 

All reagents were of analytical-reagent grade. 
unless otherwise noted. 

The DHBA solution was prepared by dissolving 
2.00 g of reagent in 30 ml of ethanol and diluting 
to 100 ml with water. Before use, 20 ml of this 



signal response from the baseline is rectilinearly 
related to the manganese concentration. The cali- 
bration graphs were made with standard man- 
ganese solution to which sodium chloride was 
added in the same concentration as in the sample 
solution. 

2.3. Sumplr prepurution 

2.3.1. For soluble mungunrse 
A salt sample (2-3 g for normal solar salt) was 

accurately weighed and dissolved in z 60 ml wa- 
ter. The resultant solution was filtered through a 
membrane filter (0.45 pm) and then diluted to 100 
ml with water. The sample weight can be in- 
creased within 5 g of the upper limit so that the 
manganese level determined in the sample solu- 
tion by peak height measurements should fall into 
linear ranges of 2- 12 ppb for system A and 
0.5-15 ppb for system B. 

2.3.2. For totul mungunesr 
The salt sample was dissolved in z 5 ml of 

water together with 3.6 ml of 2.0 M hydrochloric 
acid and 3 ml of 1.5”% hydrogen peroxide solution 
by heating for 5-10 min on a hotplate. After 
cooling. the resultant solution was treated as for 
soluble manganese. 

3. Results and discussion 

3.1. CutulJTic detrrminution of’ mung-anew in u 
continuous flow’ system 

Manganese-catalyzed oxidation of DHBA by 
hydrogen peroxide was successfully used in the 
sensitive determination of manganese. Basically. 
the reaction conditions and the FIA manifold 
were almost the same as those described previ- 
ously [7, 81. A minor modification was made to 
the present study such that a mixed solution of 
DHBA and hydrogen peroxide was used as the 
indicator mixture to simplify the flow system. The 
increase in absorbance at 480 nm, recorded as the 
peak shape signal in this FIA system, due to the 
catalyzed reaction is the measure of the man- 
ganese concentration. 

(f) te) Cd) CC) (b) (a) 

Fig. 2. Dependence of the shape of signal response on the 

sample loop length for injection of a sample solution contain- 

ing a mixture of 4.0 ppb manganese and 0.85 M sodium 

chloride. Sample loop length: (a) I m: (b) 3 m; (c) 3 m: (d) 4 

m: (e) 5 m: (f) 6 m. 

3.2. FIA system aitll lurge sumple volume 
injection (~~~stmm A) 

The concept for eliminating the blank peak 
effect presented by one of the authors can be 
realized by the use of a larger sample injection. 
Fig. 2 shows the dependence of the shape of the 
signal response on the sample loop length when 
the sample solution containing 4.0 ppb manganese 
plus 0.85 M sodium chloride was injected. In the 
signal response, a plateau on the upper side of the 
ascending signal was observed with a sample loop 
longer than 300 cm, although a blank peak ap- 
pears as a set of sharp negative and positive 
peaks. The increase in the sample loop length 
from 3 m to 6 m did not show any effect on the 
height of this plateau from the baseline at con- 
stant manganese concentration. This shows that 
there is a portion of the sample plug which is 
unaffected by the carrier stream. By using a 5 m 
sample loop, the effect of sodium chloride concen- 
tration on the sample solution was studied for the 
catalytic detection of 8.0 ppb manganese. As 
shown in Fig. 3, the height of the plateau initially 
increased with increasing sodium chloride concen- 
tration and then reached an almost constant value 
in the range 0.51~ 1.3 M. An initial increase in the 
height may be attributed to a rate-enhancing 
effect of sodium chloride on the manganese-cata- 
lyzed reaction as described later. Based on these 
results it is clear that the real signal of manganese 
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can be recognized and measured at this plateau 
portion of the overall signal response even in the 
presence of excessive sodium chloride. It is noted 
that there was found to be a slight drop in the 
signal response for blank solution (no manganese) 
from the baseline level when the sodium chloride 
concentration was increased too much ( > 0.86 
M). The reason is not clear. Although this seems 
to be the limitation of catalytic detection in the 
media containing a higher concentration of salt, it 
is evident that the blank peak has little effect on 
the trace manganese determination using the large 
sample volume injection. 

Calibration graphs obtained by plotting the 
height of the plateau (H in Fig. 2) against the 
manganese concentration were rectilinear in the 
range 2- 15 ppb manganese both in the presence 
and absence of 0.85 M sodium chloride, although 
the graph became steeper in the presence of 
sodium chloride, as shown in Fig. 4. The in- 
creased slope of the graph is probably due to the 
rate-enhancing effect of sodium chloride on the 
catalytic reaction, as was observed in another 
catalytic reaction [9]. This increased slope, how- 
ever, was found to be almost unchanged by in- 
creasing the sodium chloride concentration from 
0.51 to 1.5 M. Although manganese in concentra- 
tions as low as 0.2 ppb can of course be detected, 
the limit of determination was defined here as the 
lowest concentration of linear response, thus 

10 

I  

0 0.5 10 15 

Nail. M 

Fig. 3. Dependence of peak height (H) on sodium chloride 
concentration in sample solution containing 8.0 ppb man- 
ganese with use of a 5 m sample loop. 

b) P 

Mn, tmb 

Fig. 4. Calibration graphs for system A with a 5 m sample 
loop for (a) manganese standard solution and (b) manganese 
standard solution containing 0.85 M sodium chloride. 

taken as 2 ppb. This value corresponds to 0.04 
ppm based on a solid sample if a 5 g sample is 
used for preparing the 100 ml sample solution. 
The relative standard deviation for 8.0 ppb man- 
ganese was 0.9% (n = 5). An injection rate of 20 
h ’ is estimated. 

3.3. FIA systrm icxith on -line cution -exchange 
sepuration (sJ)sten? B) 

In order to achieve the separation and/or pre- 
concentration of manganese from a sodium chlo- 
ride matrix, a strong cation-exchange column with 
tartrate solution as eluent was introduced and 
coupled on-line with the catalytic detection sys- 
tem. The elution conditions entail some modifica- 
tions to the procedure proposed earlier [7], 
because the sample solution in the present study 
contains large amounts of sodium chloride which 
cause a lowering of the distribution coefficient of 
manganese [lo] and may impair the separation 
efficiency. Different ratios of the concentrations of 
tartaric acid, tartrate and sodium chloride in the 
eluent were examined for obtaining a baseline 
separation of the manganese peak from the 
sodium chloride matrix. An eluent of 0.15 M 
tartrate. 0.0045 M tartaric acid and 0.3 M sodium 
chloride (pH 5.1) was found to be best to provide 
good resolution of manganese from a large blank 
peak which appeared at void volume as a set of 
negative and positive peaks. Typical signal traces 
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for manganese are shown in Fig. 5. It is notable 
that repetitive sample injections can be performed 
because the eluent works as carrier solution and 
also regenerates and washes the column. In this 
FIA system it is evident that the blank peak effect 
on the signal response from trace manganese by 
the catalytic reaction can no longer exist. The 
peak height increased on decreasing the flow rate 
of the carrier solution; an increase in the peak 
height by about 1.3 times was observed when the 
flow rate was decreased from 0.8 to 0.4 ml min’ 
keeping the flow rate of other solutions constant 
at 0.5 ml min ‘. This should be attributed to an 
increase in the residence time, and hence the 
reaction time, at a constant reaction coil length. 

Fig. 6 shows the dependence of peak height on 
the concentration of sodium chloride added for 
the sample solution of 10 ppb manganese. The 
peak height gradually decreased with increasing 
sodium chloride concentration despite the well-re- 
solved peak shape which remained. A similar 
peak height dependence was also observed in the 
case of cation-exchange separation of magnesium 
and calcium [ 1 I]. A decrease in the peak height at 
higher sodium concentration suggests that there is 
a limitation on improving the limit of determina- 
tion by taking a larger sample weight for prepara- 
tion of the sample solution. An attempt to 
improve sensitivity was made by on-line precon- 
centration using the same separation column from 
the solution prepared with a limited lower sodium 

Fig. 5. Typical signal traces for manganese in solar salt for the 
FIA system with separation column (system B). 

Fig. 6. Elect of sodium chloride concentration on peak height 
for IO ppb manganese solution in the FIA system with separa- 
tion column (system B). 

chloride concentration. The peak height for 10 
ppb manganese increased linearly with increase in 
the sample loop length up to 8 m even in the 
presence of 0.85 M sodium chloride. This indi- 
cates that the sensitivity of manganese determina- 
tion can be improved by using a large sample 
volume. However, the use of a sample loop longer 
than 8 m resulted in a tendency towards deviation 
from the linear relationship and poorer peak reso- 
lution, probably due to partial elution (leakage) of 
manganese. Therefore, a 0.85 M sample solution 
and an 8 m sample loop were considered the 
limits for achieving sensitive determination of 
manganese in salt. 

Calibration graphs were rectilinear for man- 
ganese in the range 0-m 15 ppb in the presence of 
0.85 M sodium chloride. The slopes of the graphs 
have a tendency to gradually decrease with in- 
creasing sodium chloride concentration above 
0.51 M; for instance, equations of the calibration 
graph in the presence of 0.51 M and 0.68 M 
sodium chloride are Y = 1.17X with a correlation 
coefficient of 0.999 and Y = 1.072’ with a correla- 
tion coefficient of 0.998 ( Y, peak height in cm; X. 
manganese concentration in ppb) respectively. 
Thus it is recommended to prepare the calibration 
graph using the same concentration of sodium 
chloride as in the sample solution. For the sample 
injection with a 5 m sample loop, the relative 
standard deviation for 7.0 ppb manganese is 1.4”/;1 
(n = 5) and the limit of determination (defined as 



five times the limit of detection) is 0.5 ppb, which 
corresponds to 0.01 ppm based on a solid sample 
when a 100 ml sample solution is prepared by 
dissolving 5 g of sample. This limit of determina- 
tion is lowered to one-quarter that of the FIA 
system A. The sensitivity of this FIA method is 
sufficient for analysis of most solar salts to judge 
from the manganese contents reported in the liter- 
ature [3-51. An analysis rate of 8 h- ’ is estimated. 

3.4. Interference stud}, 

The effect of foreign ions on the determination 
of 5.0 ppb manganese with the two FIA systems 
A and B was studied. No significant interference 
was observed in either FIA system with the fol- 
lowing ions (pg ml-‘): Ni(I1) (10). Cu(I1) (lo), 
Pb(I1) (20), Fe(II1) (0.5), Al(II1) (IO), V(V) (lo), 
Cr(II1) (0.3), Mg(I1) (20), Ca(I1) (20), Cd(I1) (5), 
Mo(V1) (5), F- (loo), Br- (loo), I- (20), 
H,PO,- (100). Cobalt showed a positive interfer- 
ence at the same level as manganese in FIA 
system A. The concentrations of ions mentioned 
above in most salt samples are usually lower than 
the levels examined in this study. It is noted that 
FIA system B is recommended for use when 
samples are suspected to contain metal ions in 
high concentration, because metals with a rela- 

Table I 
Analysis of solar salts by the proposed FIA systems 

Sample Manganese determined in sample (ppm)” 

Soluble Mn Total Mn 

FIA (A) FIA (B) FIA (B) 

Mexican 0.31 (3.0)b 0.30 (3.3)b 0.40 (2S)b 

Australian 

(1) 0.47 (2.1) 0.49 (2.3) 0.98 (1.2) 
(2) 0.04, (IO) 0.03, (1 I) 

(3) 0.51 (2.5) 0.53 (2.1) 0.84 (1.7) 

(4) 0.85 (0.9) 0.84 (1.1) I.59 (0.9) 

a Sample solutions were prepared by dissolving 2-3 g of solid 
salt in 100 ml of solution. A 5 m sample loop was used. 
b Parentheses denote the relative standard deviations for 3-5 
determinations. 
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tively stronger tendency to form complexes with 
tartrate [lo], such as copper, iron, cobalt, cad- 
mium, nickel, lead, and zinc, should be easily 
separated by elution before manganese. Experi- 
ments showed that these ions did not affect man- 
ganese determination in system B at 50 ppm 
levels. In addition calcium and magnesium, which 
form relatively weaker complexes with tartrate, 
did not show any effect even at 100 ppm. 

3.5. Analysis qf sdt sarnplrs 

Manganese was determined in solar salts using 
the present FIA systems; the preparation of the 
sample solution was, in principle, based on the 
method described in the literature. Soluble and 
total manganese are defined here as manganese 
determined in the sample solutions prepared by 
treatment with distilled water, and with a mixture 
of hydrochloric acid and hydrogen peroxide re- 
spectively. The results obtained with the two FIA 
systems are summarized in Table 1, and show 
good agreement with each other. Such agreement 
for soluble manganese indicates that FIA system 
A has good selectivity and is applicable to the 
usual solar salts. Satisfactory precision, less than 
3% relative standard deviation, was obtained with 
the exception of the results for the Australian 
sample 2 which were close to the limit of determi- 
nation. It is a characteristic advantage of FIA 
system B that the determination of total man- 
ganese can be made conveniently because the 
sample solution containing hydrochloric acid and 
hydrogen peroxide can be directly injected with- 
out any perturbation of the catalytic reaction 
detection. 

4. Conclusions 

Two approaches to FIA, the use of a large 
sample volume injection and the introduction of 
on-line cation exchange separation, both coupled 
with catalytic detection by the DHBA-hydrogen 
peroxide reaction, have proved to be very effective 
to determine trace manganese in the presence of 
excessive levels of salts by eliminating the blank 



T. Yamunr. K. Koshino 

peak refractive index problem, consequently al- 
lowing the direct injection of sample solutions. 
The main advantage of the present FIA systems 
over conventional photometric and AAS methods 
is that the analysis is achieved in a continuous 
and nearly closed system without instrumental 
and operational complexity. A short analysis time 
of 3-7 min is an additional important merit of the 
FIA systems. Moreover, the present FIA systems 
provide 2-10 times higher sensitivity than that of 
AAS. It can be said that FIA system B is more 
applicable than system A to a wide variety of salt 
samples as the former is superior to the latter with 
respect to the limit of determination and the 
tolerance level of co-existing metal ions. However, 
system A enables more rapid and simpler analysis 
than system B. The difference in the optimal salt 
concentration in the sample solution between the 
two systems is not so significant. 
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Abstract 

A lot of modern analytical strategies for exploiting chemistries have been developed by using flow-injection 
analysis. However, even after 20 years of flow-injection evolution, there still are new quantitative procedures being 
established using old qualitative assays. The formation of Prussian Blue is a classical test to detect Fe*+ using 
hexacyanoferrate(II1) as a precipitating reagent. This reaction was evaluated for spectrophotometric determination of 
ascorbic acid employing Fe’ + and hexacyanoferrate(II1) as chromogenic reagents. An excess of the complexing anion 
avoids the formation of precipitate and forms a deep blue solution when Fe3 + is reduced to Fe* + by ascorbic acid. 
The maximum absorbance of the colored complex occurs at 700 nm and the molar absorptivity is 3.0 x lo4 1 molt ’ 
cm-‘. Under flow-injection conditions the Prussian Blue reaction was employed with an intermittent flow of an 
oxalate alkaline solution for removing the colored product adsorbed on tube and flow-cell walls. Reference solutions 
containing 5.0 x 10 -6-l .O x 10 ~ 4 M of ascorbic acid were employed to obtain the analytical curve (v = 0.9999). For 
all solutions the relative standard deviation was lower than 1.0% (n = 10). Results obtained for ascorbic acid 
determination in pharmaceutical products (Cewin, Redoxon and Cebion) are in good agreement with those obtained 
by using a flow-injection procedure involving the reaction between triiodide and ascorbic acid. The sampling 
frequency is 140 h ~ ’ and only 430 ~1 of reagents is consumed in each determination. 

Keywords: Ascorbic acid; Flow-injection analysis; Iron: Pharmaceuticals: Prussian Blue reaction 

1. Introduction 

*Corresponding author. Fax: + 55 162 74 8350; e-mail: 
djan@power.ufscar.br 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA ‘95), held in Seattle, WA, 
USA, August 13-17, 1995. 

Ascorbic acid (Vitamin C) is essential for the 
development and regeneration of muscles, bones, 
teeth and skin. Vitamin C has also been used for 
the treatment of the common cold, mental illness, 
infertility, cancer and AIDS [l]. Many analytical 
methodologies have been proposed for the deter- 
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mination of ascorbic acid taking into account its 
chemical role. Redox processes are generally in- 
volved in these determinations and it is possible 
to minimize air oxidation by using techniques 
such as flow injection (Fl). The Fl systems pro- 
posed are mainly based on electroanalytical de- 
tectors due to inherent redox chemistry of the 
analyte and reagents. Optical Fl methods also 
involve redox reactions with ascorbic acid in 
which a colored compound is formed or decom- 
posed. Thus, the formation of ferroin complex 
from the reduction of Fe(lll))phenanthroline [2] 
and a method using chloramine T in the pres- 
ence of starch-K1 solution [3] were adapted to 
flow systems. Descolorimetry was also employed 
by reduction of cerium(lV) [4] and by reduction 
of triiodide [5]. This last paper involves the on- 
line formation of iodine and the measurement of 
the inverse peaks caused by the excess of triio- 
dide at 350 nm or the triiodidejstarch complex 
at 580 nm. 

The objective of the present work was to 
adapt the Prussian Blue reaction for the determi- 
nation of ascorbic acid. The formation of Prus- 
sian Blue is a classical qualitative test to detect 
Fe(l1) using hexacyanoferrate(ll1) as reagent [6]. 
The first step is the oxidation of iron(l1): 

Fe” + + [Fe(CN)$ - + Fe3 + + [Fe(CN),14 (1) 

The second step is the formation of hexacyano- 
ferrate(l1) ferric complex (Prussian Blue): 

4Fe’ + + 3[Fe(CN)J4 - + Fe,[Fe(CN),],(>, (2) 

The complex formed is highly insoluble (KS = 
3.0 x 10p4’; Ref. [7]). Employing an excess of 
the complexing anion and Fe(ll1) as calorimetric 
reagents, a deep blue soluble compound is 
formed when Fe(Il1) is reduced to Fe(l1) by 
ascorbic acid: 

2Fe’ + + C,H,O, + 2Fe2 + + C,H,O, + 2H + (3) 

The excess of hexacyanoferrate(ll1) avoids the 
occurrence of precipitation [6]. The procedure 
was successfully applied for the determination of 
ascorbic acid in pharmaceutical products. 

2. Experimental 

2.1. Appurutus 

An eight-channel lsmatec peristaltic pump 
(model 7618-40, Switzerland) fitted with Tygon 
pump tubing was used for propulsion of fluids. 
The manifolds were constructed with 
polyethylene tubing (0.8 mm id.). Sample injec- 
tion was done by using a laboratory-constructed 
three-piece manual commutator [8] made of Per- 
spex, with two side bars and a sliding central bar 
which is moved for sampling and injection. 

The UV-visible absorption spectra were ob- 
tained with a diode array spectrophotometer 
(Hewlett-Packard, model 8452A, USA) using a 
quartz cuvette with an optical path of 1.0 cm. 
All flow measurements were carried out using a 
Femto spectrophotometer (model 435, Brazil) 
with a glass flow-cell (optical path 1.0 cm). This 
equipment was connected to a two-channel strip- 
chart recorder (Cole-Parmer model 12020000, 
USA). 

2.2. Reagents, unulyticul solutions and sumple 
prepuration 

All reagents were of analytical-reagent grade 
and all solutions were prepared using distilled- 
deionized water. 

Reference solutions containing from 5.0 x 10 ~ ’ 
to 1 .O x 10 p4 M ascorbic acid were prepared 
immediately before use by dilution of a 1.0 x 
10 ml M stock solution in a 0.014 M nitric acid 
medium with deaerated water, because ascorbic 
acid oxidation is slower in acidic medium. The 
effect of acidity on sensitivity was evaluated us- 
ing 0.014 and 0.14 M nitric acid solutions. 

The Fe(ll1) reagent was prepared by dissolving 
iron(ll1) nitrate salt in 0.014 M nitric acid in the 
following concentrations: 1 .O x 10 ‘, 5,O x 10 ~ ‘, 
1.0 x lo-‘, and 1.0 x lOW* M, for the evalua- 
tion of the effect of Fe(ll1) concentration on 
sensitivity. The hexacyanoferrate(ll1) solutions 
(5.0 x 10-l and 5.0 x lo-’ M) were prepared by 
dissolving the potassium salt in water. 

A complexing solution containing 0.5% w/v 
oxalic acid in 0.1 M sodium hydroxide was em- 
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ployed for removing the blue complex adsorbed 
on the tube and flow-cell walls. 

The triiodide procedure was implemented by 
using solutions containing 8.0 x 10 ’ M potas- 
sium iodide and 5.0 x 10 ’ potassium iodate. A 
1 .O x 10 - ’ M sulfuric acid solution was employed 
as carrier. 

Three solutions of pharmaceutical products 
(Cewin. Redoxon, and Cebion) were prepared by 
dissolving suitable amounts of the commercial 
liquid samples in 0.014 M nitric acid solution and 
diluting the resulting solution to adjust the con- 
centration to that required by the experimental 
conditions adopted. A solid product (Supradyn) 
was also analysed after grinding and dissolution 
in 0.014 M nitric acid solution. 

2.3. Procedure 

Fig. 1 shows a schematic flow diagram in which 
chromogenic reagents (R,: 1 .O x 10-j M Fe3 + 
and RI: 5.0 x lo- 3 M [Fe(CN),]‘-) were intro- 
duced by confluence and the carrier stream is a 
0.014 M nitric acid solution. As can be seen in 
Fig. 1, during the sampling state, i.e. while the 
sample loop is filled, the intermittent flow of 
alkaline oxalate solution is introduced and the 

a, 
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c w 82 
. . . . 1 

w L , I ??l! 
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Fig. 1. Flow diagram with colorimetrtc reagents (R, and R,) 
introduced by confluence (.Y and y points). B, and Bz are 
reactors of 150 and 100 cm respectively. L is a sample loop of 
100 cm. C, carrier stream; W, w’aste: S. sample or reference 
solution. R, is an intermittent flow of an alkaline oxalate 
solution. Numbers between parentheses represent the flow 
rates. 

i’ “: 

RI Rq 

Frg. 2. Flow diagram adapted from Hernandez-Mendez et al. 
[5]. C is a 1.0 x IO - ’ M sulfuric acid solution flowing at 3.0 
ml min ‘, R, is a potassium iodide solution and R? is a 
potassium iodate solution. both flowing at 1.5 ml min-‘. B, 
and B, are reactors of 300 and 150 cm respectively. E, 
spectrophotometer; W. waste: S. sample or reference solution. 
L is a sample loop of 100 cm. 

adsorbed complex on the flow-cell walls is re- 
moved. After commutation, ascorbic acid solution 
is injected and the alkaline oxalate solution re- 
mained recycled. The blue compound formed was 
measured at a wavelength of 700 nm. 

For comparison of results the triiodide proce- 
dure proposed by Hernandez-Mendez et al. [5] 
was adapted. Iodine is generated in the flow sys- 
tem (Fig. 2) as triiodide ion by reaction between 
iodide and iodate in a long reactor (B,) and a 
steady spectrophotometric signal is measured at 
350 nm. After injecting ascorbic acid, the excess 
of triiodide is measured by inverse peaks that 
reflect consumption of triiodide by the redox reac- 
tion between ascorbate and triiodide. 

3. Results and discussion 

Considering that the Prussian Blue reaction had 
been employed only in qualitative tests, a first 
experiment was made to obtain the UVvisible 
absorption spectrum of this compound. Fig. 3a 
shows the absorption spectrum for chromogenic 
reagents, i.e., Fe(lII) mixed with hexacyanofer- 
rate(III), and a strong absorption band can be 
observed in the UV region and a weaker band 
with wavelength peak at 420 nm, which is related 
to the formation of the brown complex hexa- 
cyanoferrate(II1) ferric [6]. After adding ascorbic 
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Fig. 3. UV-wslble absorption spectra. (a) Chromatogenic reagents: Fe(Il1) plus hexacyanoferrate(II1). (b) Chromatogenic reagents 
as for (a) plus ascorbic acid. 

acid to this mixture, the absorption spectrum 
changed as can be seen in Fig. 3b due to the 
formation of Prussian Blue (Fe,[Fe(CN),],), with 
an absorbance peak at 700 nm. The experimen- 
tally determined molar absorptivity of the com- 
plex compound formed is 3.0 x lo4 1 mol ~ ’ 
cm ~- ’ . Taking into account this value of molar 
absorptivity, it can be estimated [9] that if the 
minimum absorbance to be measured is 0.010 and 
the optical path is 1.0 cm, the lowest concentra- 
tion of ascorbic acid that can be spectrophotomet- 

rically determined is approximately 3 x lo-’ M. 
The first flow diagram projected involved the 

transport of the injected solution of ascorbic acid 
by a carrier stream and the introduction of chro- 
mogenic reagents at confluence points, such as 
that shown in Fig. 1. After less than 1 h of 
measurements, the extension tubes and the glass 
flow-cell walls were strongly impregnated by the 
blue compound and a gradual increment in the 
baseline was observed. This problem was aggra- 
vated when relatively concentrated ascorbic acid 



solutions were introduced, e.g. after injecting a 
1.0 x 10 -’ M solution the absorbance of the 
baseline was increased by 10%. Thus, accumula- 
tion of the blue complex on the tube and flow- 
cell walls should be avoided. The 
hexacyanoferrate( III) ferric complex is soluble in 
an alkaline oxalate solution [6] and this solution 
was evaluated to circumvent complex adsorp- 
tion. When this solution was introduced as a 
confluent reagent, the formation of the blue 
complex did not occur. This elfect can be ex- 
plained by considering the complexing capacity 
of oxalate for both iron redox forms and the 
fact that oxalate concentration was higher than 
hexacyanoferrate(II1) concentration. In subse- 
quent experiments, oxalate solution was intro- 
duced as an intermittent flow after the 
measurement of the signal maximum (Fig. 1). It 
was observed that the sensitivity was critically 
dependent on the location of the confluence 
point. When the intermittent flow was intro- 
duced immediately after the injection point a 
strong decrease in sensitivity was observed and 
this can be explained by considering the merging 
caused by dispersion between the rear zone of 
the oxalate solution and the front zone of the 
sample. To avoid this deleterious effect, the pen- 
etration between oxalate and sample zones 
should be minimized, and this can be attained 
by changing the location of the confluence 
point. An increase in sensitivity was experimen- 
tally observed by increasing the reactor length 
between the sample injection point and the ox- 
alate introduction point. Best sensitivity was 
achieved when the confluence point was put 10 

Table I 
Ascorbic acid concentrations in pharmaceutical products and 
standard deviations (I? = 5) as determined by the proposed 
procedure and the triiodide procedure [5] 

Sample Proposed procedure Triiodlde procedure 
(‘LX, W’V) (“4, w v) 

Cewin 21.8 +0.10 22.6 f 0.20 
Redoxon 22.4 + 0.10 21.6 i 0.20 
Cebion 33.4 E 0.20 24.2 4 0.10 - 

cm before the flow cell. Using this flow dia- 
gram, sensitivity was not affected and baseline 
stability was accomplished. It should be men- 
tioned that desorption processes of the blue 
complex adsorbed on the B, reactor caused loss 
of precision in experiments with concentrated 
ascorbic acid solutions. However, for ascorbic 
acid concentrations in the range 10P4-lop5 
mol 1 ’ this effect did not happen. 

The effect of Fe(II1) concentration was also 
evaluated. In the proposed methodology, Fe(II1) 
concentration should be higher than ascorbic 
acid concentration. Additionally, the sensitivity 
and reproducibility should not be negatively 
affected. Low concentrations of Fe(III), such as 
1 .O x 10 ~ 4 M, caused a strong decrease in sensi- 
tivity. However, higher concentrations of 
Fe(III), such as 5.0 x 10 ~ 3 M, caused a loss of 
linearity, probably due to bad reproducibility 
caused by desorption processes, which are more 
critical when the formation of the blue com- 
pound is increased. Considering the compromise 
between sensitivity and linearity, all further mea- 
surements were made employing a 1.0 x lo- 3 M 
Fe(II1) solution. Taking into account these same 
effects. hexacyanoferrate(II1) concentration was 
fixed at 5.0 x lop3 M, which is five-fold higher 
than the Fe(II1) concentration, to avoid the pre- 
cipitation of the blue compound formed [6]. 

The acidity effect was evaluated by changing 
the composition of the carrier stream. When 
0.14 M nitric acid was used as carrier the sensi- 
tivity decreased, and this elfect can be related to 
higher protonation of ascorbic acid in this 
medium, since the reducing agent is the ascor- 
bate anion [lo]. Best results were attained by 
using a solution containing 0.14 M nitric acid as 
carrier stream. This is also suitable for sample 
preparation because ascorbic acid oxidation is 
slow in acid medium. 

Using the established conditions, the sampling 
frequency is 140 h ’ and the relative standard 
deviation was 0.65% for a solution contain- 
ing 6.0 x 10 pi M ascorbic acid (n = 10). This 
compound was determined in three samples of 
pharmaceutical products (Table 1). Results 
obtained by the proposed procedure are in 
good agreement with those established us- 
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ing a previously proposed procedure [5] and with 
label values For Supradyn, which is a polyvita- 
minic compound, positive errors were observed in 
ascorbic acid determination and this can be ex- 
plained by considering the presence of Vitamin E 
which is also a reducing agent [l I] and acted as 
interferent. Some preliminary results obtained for 
determining ascorbic acid in natural and artificial 
tropical fruit juices also showed positive errors, 
probably caused by citric acid. These interference 
effects are being critically assessed for evaluating 
other samples that could be analyzed by the Prus- 
sian Blue procedure. 
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Abstract 

A procedure for the preconcentration and determination of lead in vegetable and biological samples was developed 
in the continuous mode coupled to a flame atomic absorption spectrometer. Lead is quantitatively preconcentrated 
in acetic buffer as its diethyldithiocarbamate chelate onto a C-18 minicolumn, placed in the loop of a proportional 
injector, eluted by a stream of methyl isobutyl ketone and introduced directly into the nebuliser. A detection limit of 
3 pg 1-l is obtained using a time-based technique for 2 min preconcentration and an RSD of 3.8% was readily 
achieved for three measurements of 25 pg Pb 1~ I, The sample throughput is 24 h ~ I. Using preconcentration times 
of 10 min an enrichment factor of 189 can be obtained. The continuous flow system was used for some reference 
sample analysis and the obtained results reveal that the methodology can be easily applied for vegetable and 
biological sample analysis. 

Kqwords: Biological samples: Flame atomic absorption spectrometry; Lead; Preconcentration; Vegetable samples 

1. Introduction 

Solid phase extraction (SPE) has long been 
used in chromatography for separations and, 
more recently, in continuous flow analysis for 
both separation and preconcentration. Since its 
introduction in analytical chemistry several years 
ago [l], modified silica with hydrocarbon chains 
has been employed for trace metal preconcentra- 

* Corresponding author. 
’ Presented at the Seventh International Conference on 

Flow Injection Analysis (ICFIA ‘95). held m Seattle, WA, 
USA, August 13- 17, 1995. 

tion, after on-line chelation with a suitable 
reagent. Rapid extraction is generally ensured be- 
cause the coating is very thin (typically in the 
range lo- 100 pm) and therefore the sample flow 
rate can be higher. As the neutral forms of ana- 
lytes are more efficiently extracted by non-ionic 
polymeric coatings, the pH of the aqueous sample 
must be adjusted to prevent analyte ionization [2]. 
SPE has a number of attractive features compared 
with the traditional extraction technique. It is 
fairly simple, inexpensive, can be used in the field, 
needs relatively little toxic solvents, and can be 
easily automated [2]. Notwithstanding these ad- 

0039-9140/96/$15.00 8 1996 Elsevier Science B.V. All rights reserved 
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vantages, for trace metal analysis in flow systems 
it was used primarily for water samples and its 
application to other matrices has not been widely 
reported. 

Lead, even at very low concentrations, is a 
well-known toxic element for animals and hu- 
mans. For humans, the main lead sources are 
water and food, and therefore rapid and sensitive 
methods must be accessible for its determination 
in these samples [3]. 

The advantage of continuous automatic tech- 
niques such as flow analysis are particularly at- 
tractive when extensive manipulation is involved 
in a given determination, as is the case in precon- 
centration procedures [4,5]. Flow systems have 
also been successfully proposed for metal precon- 
centration, employing several techniques, e.g. sol- 
vent extraction [6], precipitation-dissolution [7]. 
activated carbon [5,8], activated alumina [9], ion- 
exchange [lo], cellulose sorbent [l l] and fullerenes 
[ 12,131. Regarding lead determination, bonded sil- 
ica was used for the establishment of several 
analytical methods. Ruzicka and Arndal [14] were 
the first to explore the analytical potential of C-18 
for lead preconcentration in the continuous mode 
employing two flow systems. In the first flow 
system a fixed volume of 4.0 ml of sample solu- 
tion containing 1 mg 1~’ lead was introduced, 
giving a preconcentration factor of 5.6 with a 
detection limit of only 0.1 mg 1~ ‘. In another flow 
system based on sample time loading a preconcen- 
tration factor of 60 was obtained using a 40 ml 
sample volume. In this way a detection limit of 
0.01 mg 1~ ’ was attained. Fang et al. [15] pro- 
posed a flow system coupled to a graphite furnace 
atomic absorption spectrometer (GFAAS) using a 
microcolumn containing only 15 ~1 of sorbent. A 
preconcentration factor of 26 was obtained using 
2.1 ml of sample solution and the methodology 
was tested in spiked sea water. Similarly, Porta et 
al. [16], employing a C-18 microcolumn, obtained 
recoveries of 92 k 10% for lead from spiked sea 
water, but a double elution was necessary to 
obtain these results. In other studies, Sperling et 
al. [ 171 and Welz et al. [18], improving lead pre- 
concentration from real sea water, obtained an 
enhancement factor of 20. In another paper, the 
research group of Welz et al. [19] obtained a 

preconcentration factor of 64 using a micro- 
column containing 9 ~1 of C-18 connected to a 
GFAAS. Berndt et al. [20], using high-perfor- 
mance flow atomic spectrometry, obtained a de- 
tection improvement of 48 times when coupling a 
C-18 minicolumn for the analysis of drinking 
water. All of these workers used diethyldithiocar- 
bamates as chelating reagents. 

The aim of this work was the development of a 
preconcentration flow system methodology for 
lead determination by flame atomic absorption 
spectrometry for vegetable and biological sample 
analysis. Diethylammonium N,N-diethyldithio- 
carbamate (DDTC) was selected as the lead chela- 
tion agent in acetic medium and C-18 as the solid 
phase extractor. 

2. Experimental 

2. I. Appururus 

A Perkin-Elmer 3100 atomic absorption spec- 
trometer equipped with a hollow cathode lead 
lamp and a deuterium background corrector was 
used. The instrument was set at a wavelength of 
217 nm and the air-acetylene flame was adjusted 
according to the manufacturer’s recommenda- 
tions. An Ismatec MP-13R peristaltic pump was 
used with Tygon tubes for the propelling system. 
A proportional injector-commutator made of 
PTFE was operated for selecting both the precon- 
centration and elution steps. The sorption mini- 
column was made by packing a PTFE tube (3 cm 
long x 2 mm i.d.) with about 100 mg of C-18 and 
small glass wool beads at the ends to prevent 
material losses. This minicolumn was initially 
flushed with methanol and subsequently with 
methyl isobutyl ketone before use. After each 
elution cycle it was ready for re-use without fur- 
ther treatment. The transient signals were mea- 
sured with a single pen record (RB-201, 
Equipamentos Cientificos do Brasil). 

2.2. Reagents 

Analytical-reagent grade reagents were always 
used as well as distilled, deionized water. 



A 1000 pg ml ~ ’ lead stock solution was pre- 
pared by dissolving 1.598 g of lead nitrate in 
water containing 30 ml of 65”/0 HNO, and making 
up the volume to 1000 ml. The lead calibration 
solutions, containing 10% v/v of the buffer solu- 
tion, were prepared daily by appropriate dilution 
of the stock solution. 

Diethylammonium NJ-diethyldithiocarbamate 
was prepared daily at a concentration of 0.1% 
w/v. 

Acetic acid buffer solution, pH 4.6, was pre- 
pared by adding 60 ml of glacial acetic acid to 800 
ml of water, adjusting the pH to 4.6 with 57% 
ammonium hydroxide and making up the volume 
to 1000 ml with water. 

Modified silica C-18 from commercially avail- 
able Sep-Pak cartridges (Waters) was used to 
prepare the minicolumn. 

Methyl isobutyl ketone and acetylene (atomic 
absorption grade) were also used. 

2.3. Flop, system 

A flow system was built to perform the lead 
preconcentration and determination steps, as 
shown in Fig. 1. In the preconcentration step, the 
sample (S) merges with the reagent stream (R) 
and the lead-diethyldithiocarbamate complex 
formed in the reaction coil (RC) is retained by the 
C-18 while it passes through the minicolumn. At 
the same time, methyl isobutyl ketone (MIBK) 
fills the loop (L) and water (C) flows through the 
atomic absorption nebulizer (AAS). By switching 
the commutator (I). a small volume (20 ~1) of 

I 

-W 
-ivis 

- W 

,.C 

Fig. I. Flow system for preconcentration and determination of 
lead. S, sample solution in acetic acid butfer (4.0 ml min- ‘); 
R, reagent (0.27 ml min.-‘); L, loop of MIBK (380 ~1); C, 
carrier (water, 3.0 ml min ‘); RC. reactor coil (200 cm); C-l 8. 
minicolumn; W, waste; AAS. flame atomic absorption spec- 

water washes the minicolumn and water (C) dis- 
places the MIBK from the loop (L) and flows 
through the C- 18 minicolumn. The lead complex 
goes through the AAS nebulizer producing a tran- 
sient signal. Peak height was always used as the 
measurement parameter. 

3. Results and discussion 

3. I. Chemical and flow optimizations 

The system depicted in Fig. 1 was studied in 
relation to chemical and flow variables (univariate 
method) in order to obtain the best analytical 
conditions. The sample pH was tested within the 
range 2.888.1. Best results were obtained at pH 
4.6 in acetic acid buffer medium. The reagent 
concentration was investigated between 0.0001 
and 0.2% (w/v), and the highest signals were 
found at concentrations higher than 0.01%. In 
order to prevent some interferences due to the 
presence of other metallic species the reagent con- 
centration was chosen to be 0.1%. The sample 
flow rate was studied in the range 227.5 ml 
min’. Flow rates of 6 4 ml min ’ revealed max- 
imum absorbance signals, but analyte losses were 
observed at flow rates higher than 4 ml min ~ I, 
owing to short residence times which entail in- 
complete retention. Therefore, this parameter was 
adjusted to 4 ml min ~’ for future optimization. 
The reagent flow rate was tested in the range 
0.07-0.6 ml min ‘. For flow rates lower than 
0.27 ml min ’ incomplete retention was observed 
due to the lack of the reagent. With flow rates 
higher than 0.27 ml min ~’ the system shows 
higher and reproducible signals. We do not rec- 
ommend higher flow rates due to the possibility of 
reducing the sample flow rate and lowering the 
sample throughput. Therefore a reagent flow rate 
of 0.27 ml min ’ was selected. The carrier flow 
rate was adjusted to 3 ml min ~’ to give better 
nebulization of the organic phase. The reactor coil 
length was investigated in the range 14-250 cm 
and the best complex formation was observed 
with a 200 cm coil length. A reactor coil length 
< 200 cm did not ensure sufficient residence time 
which is required for lead complexation by di- 
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Fig. 2. Selection of the eluent. Blank and net absorbance 
signals obtained when eluting the lead chelate after a precon- 
centration time of 2 min (8.0 ml sample volume) for 100 erg 
Pb’ - I ‘: A. methanol; B. butanol; C. ethanol; D, dichlor- 
oethane: E. X,.1;-dimethylformamide; F, acetylacetone; G. 
methyl ethyl ketone; H, carbon tetrachloride; I, methyl 
isobutyl ketone. 

ethyldithiocarbamate. With a reaction coil length 
of > 200 cm the absorbance signals remained 
higher and constant. A study for the choice of the 
best eluent was done using several organic sol- 
vents Methanol, butanol, ethanol, dichloro- 
ethane, NJ-dimethylformamide, acetylacetone, 
methyl ethyl ketone, carbon tetrachloride and 
methyl isobutyl ketone were assayed. The results 
can be seen in Fig. 2. Water-miscible solvents give 
bad results, probably because they mix with the 
water carrier. For the immiscible organic solvents 
studied (with the exception of MIBK) the blank 
signals were so high that these solvents were 
useless for this purpose. Best conditions were 
obtained with MIBK (low blank with high analyt- 
ical signals). Also, the minimum volume of MIBK 
necessary to displace the complex from the C-18 
minicolumn was evaluated to be within the range 
25OG500 ~1. The highest absorbance signal was 
obtained with 380 ,~l of MIBK which gives better 
recoveries without any peak carryover. In order to 
use a less toxic organic solvent 380 ,~l of MIBK 
was chosen for the lead complex elution. 

3.2. Intrrfirencr study> 

The effect of the concomitants was studied with 
analytical lead solutions prepared with and with- 

out each interferent species. Co(H), Ni(I1) and 
Cr(VI) did not interfere up to an interferentlana- 
lyte ratio of 100. Cu(II) did not affect the lead 
signal if the interferentjanalyte ratio was not 
higher than 10. These ratios are never obtained 
with real samples such as those analyzed in this 
work. 

Interference studies were also done using real 
samples. For this test, two vegetable samples (al- 
mond leaves) and one biological sample (fish tis- 
sue) were prepared. The almond leaves were 
collected from two different areas: an urban area 
with heavy traffic and a rural area. The leaves 
were washed with water, dried at air temperature 
and ground using a knife grinder. The fish tissue 
was lyophilized and ground using the same knife 
grinder. These samples were homogenized and 
stored in plastic bottles inside a dessicator. With 
solutions of these samples, prepared as described 
in Section 3.3, addition curves were constructed 
using the flow system depicted in Fig. 1. The 
ratios of the slopes of the addition curves and the 
analytical curves (aqueous standards) varied from 
0.994 to 1 .Ol, showing that trace metals present at 
their normal concentration levels in these samples 
do not influence the lead signals, and corroborat- 
ing the fact that there is no influence from these 
matrices in the lead preconcentration and deter- 
mination steps. 

3.3. SumpIe prepurution 

The samples used for the interference study and 
the reference sample materials analyzed with the 
developed methodology were decomposed by wet 
ashing with acid treatment, based on the study of 
Icbinoki and Yamazaki [21]. Before analysis all 
samples were dried at 120°C for 24 h. The 
weighed samples (the weights depend on the lead 
content) were placed in a Pyrex beaker and after 
the addition of 15 ml of 65% nitric acid, the 
covered beaker was allowed to stand for one 
night. Then, the samples were heated slowly on a 
hotplate until they became transparent (colorless 
or pale yellow). Then 5 ml of 72% perchloric acid 
was added and the heating was continued until 
the liquor became colorless (until complete wet 
ashing of the organic mater). The solution was 
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then heated almost to dryness. After cooling, the 
residue was extracted with the buffer solution. 
filtered, and the volume made up with water. 
maintaining the 10% v/v buffer solution concen- 
tration. These samples were analyzed immediately 
after dissolution. A blank solution was prepared 
for each sample batch dissolution and was used to 
prepare the analytical lead solutions for calibra- 
tions. 

During the sample preparation step it was 
noted that if any organic matter remains, a big 
interference occurs because lead remains bonded 
to the original organic matter and therefore is not 
able to react with the diethyldithiocarbamate. 
However, the minicolumn is also able to retain 
neutral organic matter, competing with the Pb- 
DDTC complex in the sorption processes. This 
results in a very small recovery of lead from the 
samples. Therefore, the implementation of a sam- 
ple preparation step involving HClO, was needed 
and according to Gorsuch [22] this treatment is 
the best way to oxidise all traces of organic matter 
from real samples. 

3.4. Anul}~ticd fkatures 

Using the flow system of Fig. 1, lead can be 
determined in the range 20&100 pg I ’ with 
time-based sampling for only 2 min, equivalent to 
a sample volume of 8 ml (sample flow rate of 4.0 
ml min ‘). The calibration equations are typically 
A = -0.001 + 3.005 x 10 ’ [Pb(/ig 1 ‘)] with 
r2 = 0.998. The detection limit calculated as three 
times the standard deviation of the peak ab- 
sorbance was 3 /lg Pb 1 ‘. The RSD at the 25 pg 
l- ’ level was 3.8”/;) for all three measurements. 
The sample throughput was 24 h ‘. Fig. 3 shows 
some typical peaks obtained using the flow system 
and a manual flame AAS signal. The flame trans- 
parency in the working wavelength region is 
uniquely responsible for the blank signal. 

An enrichment factor of 60, calculated as the 
ratio between the slopes of the calibration graphs 
obtained by this flow method and the manual 
direct aspirations, was readily achieved. By using 
a 10 min preconcentration time, enrichment fac- 
tors as high as 189 can be obtained, which ensure 
the lowering of the detection limit by a factor of 

lu 

Fig. 3. Typical absorbance signals (FIA peaks) obtained with 
the flow system in Fig. I using a preconcentration time of 2 
min (8.0 ml of sample volume loading): A. signal obtained 
when aqueous solution containing 4 116 Pb’+ ml-’ was 
introduced into the FAAS using direct aspiration: B, blank: C. 
20 /lg Pb’+ I ‘; D. 100 /cg Pb:+ I-‘. 

three. These values are bigger than those obtained 
by comparing only volumes of sample and eluent 
( 2 20) due to the faster complex elution and due 
to the very low dispersion of the organic phase 
(380 ~1 of MIBK pumped at 3.0 ml min ’ by a 
water stream crossing only 25 cm x 0.5 mm i.d. 
tubing to get ahead of the AAS nebulizer). 

3.5. Determination of’ truce amounts of leaa’ in 
wgetable and biological sumples 

The developed methodology was used for lead 
determination in almond leaves, fish tissue and for 
some reference sample analysis. For this purpose, 
each sample was mineralized in duplicate as de- 
scribed in Section 3.3 together with similar blanks 
which allowed for the contribution of the lead 
present in the reagents for the digestion proce- 
dure. Each dissolved sample was analyzed in trip- 
licate (except for the fish flesh sample). These 

Table 1 
Results obtained for lead determination in the analysis of 
almond leaves and fish tissue. Results in 11g gg’ for dry 
samples 

Sample Analytical curve Standard addition 

.4lmond leaves I I .72 2 0.03 I.61 * 0.03 
Almond leaves 2 I. I .5 & 0.02 I. I8 * 0.02 
Fish tissue 3.45 & 0.06 3.22 i 0.06 
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Table 2 
Results obtained for the analysis of reference sample materials. 
Results in /cg gg’ for dry sample 

Reference sample Obtained values Certified values 

Citrus leaves 
(NIST) 

Fish tissue 
MA-B-3:TM 
(IAEA) 

Copepoda 
MA-A- I /TM 
(IAEA) 

Fish flesh 
MA-A-2:TM 
(IAEA) 

13.2 * 0.3 (n = 3) 

4.74 * 0.03 (n = 3) 

2.1 * 0.1 01 = 3) 

0.80 + 0.02 (n = 2) 

13.3 

4.62 
(3.8555.13)” 

2.1 
(1.82.4)” 

0.58 
(0.5 I -0.65)” 

j’ Confidence interval. 

results can be seen in Table 1 and Table 2. The 
results found for the almond leaf samples and for 
the fish tissue, when compared with the standard 
addition methods, are consistent and acceptable 
in all instances. The two samples of almond leaves 
(collected at different sites) had the same lead 
content, probably due to the fact that this species 
is not a good pathfinder for lead (not recom- 
mended for biogeochemistry prospecting) or ow- 
ing to a large lead scattering. However, the results 
obtained for the reference samples agreed very 
well with the certified values, corroborating the 
fact that the developed methodology can be ap- 
plied for lead preconcentration and determination 
in vegetable and biological analysis. The concomi- 
tants did not influence the analytical signal due to 
their very low concentrations in the real samples 
analyzed. 

Our methodology, when compared to another 
published previously, shows some similarities and 
differences. In the work of Peiia et al. [S] the 
performance of the activated carbon minicolumn 
was similar to that in this work. The analytical 
range was extended but the detection limit was 
worst than that obtained by us, assuming the 
same preconcentration time. Peria et al. found 
similarities when they compared their results with 
results obtained by C-18 sorbent extraction. 
Naghmush et al. [ll]. using different cellulose 

sorbents. detected some interferences due to the 
presence of Fe(III), Cu(II), Ca, Mg, K and Na. 
Their method was applied successfully for water 
samples and showed very low detection limits 
(0.17 ,ug 1~ ‘) when employing 50 ml of sample 
(six times more than that used in this work). 
Yebra Biurrum et al. [lo] found a similar detec- 
tion limit (3.1 pug 1 - ‘) using only 2 ml sample 
volume when employing a new chelating resin 
(containing polyaminophosphonic acid as chelat- 
ing group) synthesized by their research group. 

4. Conclusion 

In conclusion, the developed methodology can 
be easily applied for vegetable and biological sam- 
ple analysis for lead determination with good 
selectivity. reproducibility and accuracy. Our 
methodology is also comparable with techniques 
such as GFAAS, especially in terms of time and 
detection limit, and is advantageous for laborato- 
ries seeking cheaper analysis methods. 
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Abstract 

The objective of the present work was the evaluation and characterization of a glassy carbon (GC) electrode 
modified by a bilayer lipid membrane (BLM) with incorporated single-stranded deoxyribonucleic acid (ss DNA). 
Various procedures were developed and tested for the incorporation of ss DNA at the electrode modified by the 
lipidic membrane: 

1. formation of self-assembled BLMs over ss DNA adsorbed on the electrode surface; 
2. direct adsorption of ss DNA into a BLM modified GC electrode; 
3. formation of a BLM with incorporated ss DNA at the electrode surface using the monolayer folding technique. 
Differential pulse voltammetry (i.e. oxidation of guanine and adenine residues) was used to monitor the 

incorporation of ss DNA at the GC electrode modified by the BLM. The results have shown that the lipid membrane 
enhances the stability of ss DNA during a “medium-exchange” of the electrode and prohibits its diffusion from the 
electrode surface. The third scheme was proven to be the most appropriate as both electrode modification by the 
BLM and DNA adsorption occur in one stage and much faster (as no BLM thinning process is required) as compared 
to the former two techniques; furthermore, maximized loading of DNA in BLMs is achieved which reduces by ca. 
IO-fold the DNA amounts that can be detected electrochemically. Conventional planar “free-suspended” and 
self-assembled metal supported BLMs were used to monitor in situ the incorporation of ss DNA in these membranes. 
The results have shown that the adsorption of ss DNA at lipid membranes (as a medium for DNA incorporation on 
an electrode surface) can occur much faster, using milder conditions and smaller amounts of DNA than by previously 
described techniques. 

Keywords: Bilayer lipid membranes: Chemically modified electrode; DNA: Glassy carbon electrode 

1. Introduction 

A growing interest has recently arisen in the 
development of DNA sensors which are expected 

* Corresponding author 

eventually to replace conventional methods in 
gene diagnoses using nucleic acid hybridization 
techniques for infectious diseases. DNA biosen- 
sors that are being developed presently are based 
largely on piezoelectric, electrochemical. or opti- 

0039-9340/96j$15,00 Q 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)0188 I-4 



cal transducers. Brabec and Palecek have pio- 
neered the electrochemistry of nucleic acids and 
their adsorption/oxidation at different types of 
carbon electrodes [l] and this type of transduction 
scheme has gained popularity with substantial 
achievements in the field of biosensing. Such 
achievements include sequence-specific gene detec- 
tion with DNA modified electrodes [2.3], selective 
detection of cystic fibrosis using modified carbon 
electrodes to which DNA was covalently bound 
[4,5] and differential pulse voltammetric determi- 
nation of traces (picomole range) of RNA in the 
presence of DNA and nucleic acid components 
[6]; the detection limit was recently improved to 
the femtomole range by using constant current 
potentiometric analysis at carbon paste electrodes; 
this may open doors for investigating structural 
transitions and interactions of RNA [7]. A num- 
ber of studies have been reported in the literature 
concerning the adsorption of single-stranded 
DNA (ss DNA) at bare (unmodified) carbon elec- 
trodes [2-S]. This type of DNA adsorption results 
in the use of long adsorption times (more than 30 
min) under vigorous conditions (i.e. high tempera- 
tures [2] or potentials [8]), whereas great concerns 
have arisen on the stability of adsorbed DNA 
during “medium-exchange” experiments. 

The goal of our work is to investigate the use of 
lipid membranes either for the modification of 
carbon electrodes for improved incorporation of 
DNA or as transducers to monitor directly DNA 
hybridization, since lipids are known to associate 
with DNA with high affinity [9] and therefore 
create a biosensor for rapid nucleic acid detection. 
The work herein reports the evaluation and char- 
acterization of a glassy carbon (GC) electrode 
modified by a bilayer lipid membrane (BLM) with 
incorporated ss DNA. Several procedures were 
used in the present studies to modify the glassy 
carbon electrode with lipid membranes for ss 
DNA incorporation. Results from direct ss DNA 
adsorption from solution on a GC modified elec- 
trode and the stability of adsorbed DNA during a 
medium-exchange of the electrode are described 
herein. Examples of the use of BLM systems to 
monitor directly the incorporation of ss DNA in 
membranes are provided. 

2. Experimental 

2.1. Muterids id upparatus 

The lipid used throughout this study was egg 
phosphatidylcholine (egg PC; lyophilized, Avanti 
Biochemicals, Birmingham. AL, USA). Grami- 
cidin D was supplied from Sigma Chemical Co. 
(St. Louis, MO. USA). Calf thymus DNA 
(sodium salt, type I) was also obtained from 
Sigma Chemical Co. and was used without further 
purification. Silver wires (diameters 0.5 and 1.0 
mm) were obtained from Aldrich Chemical Co., 
Inc. (Milwaukee, WI, USA). All other reagents 
were of analytical-reagent grade. Water was 
purified using a Milli-Q cartridge filtration system 
(Millipore, El Paso, TX, USA) and had a mini- 
mum resistivity of 18 MR cm. 

Single-stranded DNA (ss DNA) was prepared 
by the following procedure. An accurately 
weighed sample of approximately 3 mg of calf 
thymus DNA was treated with 0.5 ml of pure 
perchloric acid and stirred to dissolve for 10 min. 
A volume of 0.5 ml of 9 M NaOH was then 
added to neutralize the solution, followed by the 
addition of 0.1 M KC1 electrolyte solution such 
that the final volume was 10 ml and the pH value 
5.5. The resulting solution of ss DNA was 
scanned from 220 to 300 nm (using a Hitachi 
U-2000 spectrophotometer) and the absorbance at 
260 nm was found to be 0.219, whereas the ab- 
sorbance of a solution containing 3 mg native 
DNA (not denaturated) was found to be 0.040. 
These data can not be used to calculate the con- 
centration of ss DNA in solution; however, they 
indicate that denaturation has occurred [lo]. 

The differential pulse voltammograms were 
recorded using a @Autolab potentiostatlgalvanos- 
tat running with model GPES version 3 software, 
from Eco-Chemie, The Netherlands. The poten- 
tial range studied was from + 0.025 to + 1.4 V 
vs. SCE, and the differential pulse voltammetry 
conditions were pulse amplitude, 50 mV; pulse 
width, 70 ms; interval time. 400 ms; and scan rate, 
5 mV s ‘. A one-compartment cell contained a 
GC electrode (Tokai, GC, area 0.07 cm’), a plat- 
inum gauze counter electrode and a SCE reference 
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electrode. The working electrode was polished 
with diamond paste down to 1 ,um particle size 
on a polishing table before use and thoroughly 
cleaned; it was repolished as necessary, and al- 
ways between adsorption experiments. 

The equipment for the formation of conven- 
tional planar “free-suspended” solventless BLMs 
have been described in detail elsewhere [l 11. 
BLMs were formed in an aperture of 0.32 mm 
diameter in a Saran-Wrap (PVDC; DowBrands, 
L. P., Indianapolis, IN, USA) partition of thick- 
ness ca. 10 /lrn that separated two identical 
Plexiglas chambers (each with volume of 10 ml 
and an air/water interface of 3 cm’) and were 
supported in a 0.1 M KC1 electrolyte solution. 
A two-electrode configuration was used through- 
out the experiments using self-assembled BLMs 
(s-BLMs) and consisted of a sensing electrode 
(i.e. silver wire of 0.5 or 1.0 mm diameter with 
a s-BLM) and a Ag/AgCl electrode acting as a 
reference. A 25 mV dc voltage was applied 
across the membrane between two Ag/AgCl ref- 
erence electrodes when using the former tech- 
nique of free-suspended BLMs, whereas a 25 
mV dc potential was applied between the sens- 
ing and reference electrode when using the 
metal-supported s-BLMs (above and beyond the 
open circuit potential of this electrode system). 
A digital electrometer (Model 614, Keithley In- 
struments, Cleveland, OH, USA) was used to 
measure the ionic current through the BLMs 
and as a current-to-voltage converter. The elec- 
trochemical cell and electronic equipment were 
isolated in a grounded Faraday cage. 

2.2. Procedures 

A stock solution of PC (2.5 mg ml - ‘) in n- 
hexane was used for the preparation of a dilute 
PC solution (0.2 mg ml - ‘) in the same organic 
solvent on a daily basis; this stock lipid solution 
was stored in a nitrogen atmosphere at - 4°C. 
Planar free-suspended BLMs were prepared by 
the application of a 10 ~1 volume of dilute lipid 
solution onto the electrolyte surface in the one 
cell compartment, and then over a period of a 
few seconds, the water level in one solution 
compartment was brought below the aperture 

and then raised again with a disposable syringe 
[ll]. When the ion current stabilized (over a pe- 
riod of about 5 min), the ss DNA solution was 
injected in one solution compartment using con- 
tinuous gentle stirring. s-BLMs were constructed 
according to established techniques [ 12,131. The 
stock PC solution (2.5 mg ml-‘) was used for 
the formation of metal supported s-BLMs. A 
lipid layer was deposited onto a nascent metallic 
surface cut with a scalpel just before or while 
immersing the metal wire into the lipid solution. 
The wire coated with the lipid solution was sub- 
sequently immersed into a 0.1 M KC1 aqueous 
solution, and the ionic current was stabilized 
over a period of 25 or 40 min for diameters of 
silver wire of 0.5 or 1.0 mm, respectively. Ionic 
current stabilization was followed by injection of 
ss DNA solution while stirring continuously. All 
experiments were done at 25 -t 1°C. 

3. Results and discussion 

3.1. Characterization of‘ BLM structure and the 
stability of‘ lipid membranes on the solid 
electrodes 

The Langmuir- Blodgett technique has previ- 
ously been used to deposit a controlled number 
of lipid layers on glassy carbon electrodes 
[14,15]. However, the method of formation of 
stabilized metal supported s-BLMs as reported 
by Tien et al. [12,13] was chosen from various 
techniques owing to the simplicity and low cost 
of BLM preparation. The diameter of the wires 
that were used was found to play an important 
role in the time for BLM stabilization, and on 
the magnitude and noise of the background ion 
current. An increase in the diameter of the silver 
wires from 0.5 to 1.0 mm resulted in a decrease 
in the time for BLM stabilization from 40 to 25 
min. respectively; furthermore. this increase re- 
sulted in an increase in the background ion cur- 
rents and decrease in the noise levels. The 
impedance of BLM assemblies on metals is di- 
rectly related to the noise levels and the stabi- 
lization time due to the packing effects of the 
BLMs, which depend on the diameter and the 
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degree of surface roughness of the wire used to 
support BLMs [13,16,17]. Any BLMs used for 
electroanalytical experimentation must be charac- 
terized to demonstrate the existence of the BLM 
structure. Specific capacitance is often used as the 
primary criterion for membrane characterization 
(i.e. to estimate the apparent thickness of the lipid 
bilayer and whether there is any solvent retained 
in the hydrocarbon region of the BLMs) [I I]. The 
electrical capacitance of s-BLMs was measured as 
previously described [1 1] over time until a steady- 
state value was obtained. The steady-state value 
of membrane specific capacitance was found 4 mF 
cm ~ z (for silver wire of 0.5 mm diameter) which 
is in agreement with previous reports [13.17]; 
however, this value can not be used to estimate 
the hydrocarbon thickness of the s-BLM, since 
the actual area of the bilayer is not known. 

Chemical characterization of the bimolecular 
thickness of s-BLMs can be derived from the 
addition of gramicidin as this peptide transports 
monovalent cations through the membrane by the 
formation of ion-channels and the conductance 
increases many fold [l 11. Gramicidin does not 
induce conductance alterations if the membrane is 
thicker than one bilayer [ 18,191. The ion selectiv- 
ity of BLMs containing gramicidin D for the 
transport of monovalent ions is greatest for am- 
monium and potassium ions relative to sodium 
and lithium [19]. Experiments using s-BLMs were 
done using 0.1 M NaCl as the electrolyte solution 
which provided a background ion current value of 
ca. 100 pA, whereas in the presence of 4 ,QM 
gramicidin the ion current increased to 166 nA. 
Similar experiments using KC1 as the electrolyte 
have provided larger ion current increases. The 
bilayer structure of the lipid film on the glassy 
carbon electrodes was also verified by using gram- 
icidin and 0.1 M KC1 as the electrolyte; the ion 
current values were ca. 100 nA in the absence of 
gramicidin and increased to 1 /IA in the presence 
of 1 ,uM gramicidin. 

Cholesterol has been used extensively in lipid 
mixtures to prepare metal supported BLMs and it 
acts as a stabilizing agent [20]. The use of choles- 
terol to stabilize BLMs on solid electrodes was 
found to be unnecessary in our experiments as the 
lipid membranes prepared herein were stable for 

long periods of time (routinely over 48 h) and 
were not prone to collapse in response to a me- 
chanical or electrical shock. This is an advantage 
as compared to planar free-suspended BLMs 
which are normally stable for periods of time of 
ca. 6 h and suffer from mechanical or electrical 
instability [l 11. 

3.2. BLM formution ooer ss DNA adsorbed on 
the electrode surface 

The glassy carbon electrode was modified with 
ss DNA adsorbed at + 1.4 V [8]. The electrode 
with adsorbed ss DNA was then immersed in a 
solution containing PC (2.5 mg ml ‘) in n-hexane 
and the lipid layer was thinned into a bilayer by 
subsequent immersion in 0.1 M KC1 for ca. 30 
min. It was assumed that the ss DNA that was 
adsorbed on the electrode surface was covered by 
this bilayer. By scanning from 0.025 to 1.4 V, 
peaks corresponding to guanine and adenine were 
observed (Fig. 1). 

These peaks continued to appear and were not 
reduced in magnitude when the BLM modified 
electrode with incorporated ss DNA was trans- 
ferred to another 0.1 M KC1 supporting elec- 
trolyte solution (medium-exchange procedure). 
These results show that the lipid membrane can 
strongly hold DNA molecules on the electrode 

: (a) 

Fig. 1. Ditferential pulse voltammograms obtained in 0.1 M 
KC1 supporting electrolyte: (a) two successive scans of a glassy 
carbon electrode modified by a lipid membrane on which ss 
DNA was adsorbed prior to BLM formation; (b) glassy car- 
bon electrode without ss DNA. 
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(b) 

Fig. 2. Ditrerential pulse voltammograms obtained in 0.1 M 
KCI supporting electrolyte plus 27 /!g ml-’ ss DNA: (a) 
glassy carbon electrode modified by a BLM, formed on the 
electrode surface in 0.1 M KCI solution prior to DNA addi- 
tion to the electrolyte solution: (b) clean glassy carbon elec- 
trode. 

surface [9,2 l] during medium-exchange proce- 
dures. Previous voltammetric studies of ss DNA 
adsorption at a GC electrode have shown that 
there is significant loss of DNA during medium- 
exchange of the electrode in a solution not con- 
taining ss DNA [8]. Recent studies have reported 
that electrochemical treatment of carbon elec- 
trodes may improve ss DNA adsorption [7]. 

3.3. Direct udsorprion OJ‘ss DNA into u BLM 
modiJed GC electrode 

The GC electrode was immersed in a solution 
containing PC (2.5 mg ml ’ ) in n-hexane and the 
lipid layer was thinned into a bilayer by subse- 
quent immersion in 0.1 M KC1 for ca. 30 min. 
Small aliquots of ss DNA (6.5, 12, 14, 20. 25 and 
27 @g ml ~- ‘) were added to the KC1 solution and 
the potential was scanned from 0.025 to 1.4 V. 
The results are shown in Fig. 2. Note that the 
solutions were gently stirred for 20 s after DNA 
addition and prior to potential scanning; this time 
was found to be sufficient to obtain maximized 
signal magnitude which is in agreement with the 
time of DNA incorporation obtained when using 
s-BLMs (vide infra). 

The guanine (1.46 /IA) and adenine (0.97 /iA) 
peaks observed in Fig. 2(a) exhibit the direct 

adsorption of ss DNA at the BLM modified GC 
electrode; no peaks were observed using a bare 
electrode dipped in a 0.1 M KC1 solution contain- 
ing 27 pg ml ~ ’ ss DNA (Fig. 2(b)). The peak 
magnitude was decreased with a decrease of ss 
DNA concentration in solution, i.e. a peak mag- 
nitude of ca. 97 nA was observed when using a 
solution of ss DNA with a concentration of 6.5 
,ug ml ‘. These peaks continued to appear and 
were not reduced in magnitude during medium- 
exchange procedure. 

3.4. Incorporution of ss DNA into BLM at u GC 
electrode using the nronoluyer folding technique 

The monolayer folding technique [l l] was used 
in order to maximise DNA loading in BLMs 
while the latter are deposited on the GC electrode. 
This was attempted in order to use smaller 
amounts of ss DNA for electrode modification 
than those previously described (vide supra) or 
reported [8]. ss DNA solution was co-deposited 
with the lipid film on the electrolyte surface and a 
subsequent film casting on the GC electrode sur- 
face was followed. The results have provided a 
detectable guanine peak of 125 nA using 0.6 pug of 
ss DNA; smaller amounts of ss DNA did not 
provide a measurable signal. Present research is 
focused on estimating the surface coverage of the 
electrode with lipid films containing DNA using 
scanning electron microscopy, and exploiting the 
stability of lipid modified GC electrodes with 
incorporated DNA. 

3.5. Incorporation qf’ss DNA in f&r-mspended 
BLMs 

Measurements of ion conductivity changes (i.e. 
recordings of ion current vs. time) through con- 
ventional free-suspended BLMs [l l] were used to 
monitor in situ ss DNA incorporation in lipid 
membranes and therefore to estimate the time 
required for association of ss DNA with lipid 
membranes. The use of liposomes as agents for 
DNA transfer was previouly described [9] and 
recent research using vesicles has been focused on 
exploiting DNA-lipid interactions [21]. However. 
no studies have been reported in the literature to 
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date to study these interactions using lipid mem- 
branes with a bilayer structure. Various volumes 
of the solution containing ss DNA were injected 
into the electrolyte solution after BLM formation 
and current stabilization. Fig. 3 shows a typical 
recording obtained after ss DNA injection in bulk 
electrolyte solution. A minimum volume of 4 ~11 
of ss DNA solution (270 pg ml-‘) was required 
to induce increases in ion current values larger 
than the background (residual) ion current values; 
the concentration of ss DNA in bulk solution was 
0.108 118 ml-’ and the ion current increased by 
15.8 pA. The ion current increase was correlated 
to ss DNA concentration in bulk solution by the 
equation: AI (PA) = 277.5 C (pug ml- ‘) - 14.6 
(r’ = 0.9995). Concentrations of ss DNA in bulk 
solution larger than ca. 0.27 /lg ml - ’ caused 
membrane rupturing. Control experiments involv- 
ing the use of double-stranded DNA (ds DNA) 
were performed as well to demonstrate that the 
ion current increases were due to ss DNA,‘mem- 
brane interactions. It is therefore presumed that 
no alteration of the DNA conformation from ss 
to ds occurs in BLMs. These results suggest the 
potential of BLMs to act as a medium for DNA 
hybridization and offer a route to monitor this 
phenomenon. 

The results in Fig. 3 show that the incorpora- 
tion of ss DNA in BLMs occurs within 1.3 to 2.5 
min. These data also indicate that for all ss DNA 
concentrations that were tested, it takes about the 
same delay time for the current increases to be 
observed. The relative invariable delay time 

Ia) (b) 

Fig. 3. Typical recordings obtained with planar free-suspended 
BLMs. The ss DNA concentration in the bulk electrolyte 
solution was (a) 108 ng ml ’ and (b) 162 ng ml ‘. The arrow 
shows the injection of ss DNA in solution. 

1 1 b-- 
r- 1 

t 
20 nA 
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20 s 
- 
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Fig. 4. Typical recordings obtained with s-BLMs. The ss DNA 
concentration in the bulk electrolyte solution was (a) 54 ng 
ml -’ and (b) 148 ng ml - I. The arrow shows the injection of 
ss DNA in solution. 

(much longer than mixing or diffusion times) does 
not appear to be related to ss DNA concentra- 
tion, and suggests a mechanism of response in 
pertinent analogy to the function of a protein in 
BLMs. The electrochemical results indicate that a 
critical concentration of ss DNA exists beyond 
which increases of ion conductivity occur. These 
increases were noticed either in response to step- 
wise increases of DNA in the bulk solution or 
injections of DNA to a bulk solution containing 
no DNA (the regression equations correlating ion 
current to DNA concentration practically coin- 
cided). There were no discernible threshold tran- 
sients observed during our experiments, 
suggesting that critical events due to changes of 
the surface potential of the BLMs were absent 
[22]. The results presented herein indicate that ss 
DNA spans the membrane to form a conductive 
pore. It is also possible that the increases of ion 
current values are likely to be due to concurrent 
DNA-lipid interactions which tend to disrupt the 
continuum of lipid interactions on one side of a 
BLM. However, the present results indicate that 
the incorporation of ss DNA in BLMs can be 
studied in situ by monitoring ion permeability 
changes and that the time required for the incor- 
poration is less that 2.5 min. 

3.6. Incorporation oj’ss DNA in BLMs 

Stabilized s-BLMs on metal electrodes were used 
to monitor ss DNA incorporation in BLMs. Fig. 



4 shows the typical recordings obtained with in- 
creases in ss DNA concentration in the bulk 
solution. The required time for ss DNA incorpo- 
ration in membranes is of the order of ca. 10 s 
(for all concentrations of DNA). This time is less 
than that obtained using free-suspended BLMs 
(vide supra); note that the reproducibility of the 
required time for DNA incorporation in s-BLMs 
is of the order of f 14%. The shorter time delay 
for DNA incorporation can be correlated to the 
structure of s-BLMs. One side of the metal sup- 
ported BLMs is in contact with the aqueous elec- 
trolyte solution, whereas the second monolayer 
touches the metal surface with some regions (de- 
pending on the metal roughness) covered with the 
electrolyte solution. Any ion rearrangement at 
these regions will occur more rapidly than in a 
homogeneous membrane such as those with a 
planar bilayer structure as a direct result of pack- 
ing effects. An increase in ss DNA concentration 
in the bulk electrolyte solution results in increased 
ion current values obtained with s-BLMs (Fig. 5). 
The minimum detectable ion current increase (as 
set by the signal to noise ratio of 3) is ca. 10 nA, 
which is caused by an amount of ss DNA in bulk 
solution of about 30 ng ml ~ ‘. This amount is far 
smaller that those previously used to incorporate 
ss DNA on metal electrodes [Xl, a substantial 
advantage of the present method. Reproducibility 
of the response was found to be of the order of 
? 4 to 7% (N = 5, 95% confidence limit). 
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Fig. 5. Ion current dependence on ss DNA concentration in 
the bulk electrolyte solution using s-BLMs. 

4. Conclusions 

Various procedures were developed for the in- 
corporation of ss DNA at a GC electrode 
modified by BLMs. Results using differential 
pulse voltammetry (i.e. oxidation of guanine and 
adenine residues) have shown that the lipid mem- 
brane enhances the stability of ss DNA towards a 
medium-exchange transfer of the electrode and 
prohibits diffusion of ss DNA from the electrode 
surface. The monolayer folding technique is pre- 
ferred to the dip-casting methods for electrode 
modification by BLMs for DNA incorporation. 
Both phenomena can be achieved by the former 
technique in one stage. without a BLM thinning 
process which results in a substantially reduced 
time for electrode modification with incorporated 
DNA. Furthermore, maximized loading of DNA 
in BLMs can be achieved with the monolayer 
folding technique which reduces by ca. IO-fold the 
DNA amounts that can be detected electrochemi- 
tally. Conventional planar BLMs and s-BLM sys- 
tems results have shown that the adsorption of ss 
DNA at lipid membranes acting as a medium to 
incorporate ss DNA on an electrode surface can 
occur much faster using milder conditions and 
smaller amounts of ss DNA than by previously 
established protocols. Present research is focused 
on the potential of the GC electrode modified by 
BLM and/or using stabilized systems of BLMs for 
DNA hybridization and preparation of DNA sen- 
sors. 
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Abstract 

A new ligand capable of producing calcium-selective electrodes with excellent characteristics is presented. The 
ligand (1) is a calix[4]arene bearing phosphine oxide ligating groups on the lower rim and this is the first report that 
such ligands can discriminate in favour of calcium ions against magnesium ions and the alkali metal ions. This 
calcium selectivity is in complete contrast to the behaviour of the well-known calix[4]arene tetraester derivatives (such 
as 2) which are selective for sodium against other alkali metal ions and group II ions. Electrodes based on PVC 
membranes incorporating ligand 1 display almost nernstian slopes and excellent selectivity against common interfer- 
ents, including magnesium (log K&,, ) The electrodes have demonstrated effective lifetimes of at least 7 weeks 
(duration of the study) and very fast response times. 

Kr~n~~r~ls: Calcium-selective electrode: Calix[4]arene: PVC membrane; Tetraphosphine oxide 

1. Introduction 

A new series of calixarene derivatives with 
lower rim phosphine oxide ligating groups have 
recently been synthesised and shown to exhibit 
interesting metal complexation behaviour with 
certain lanthanides and actinides [ 11. In this study, 
selective extraction was demonstrated even under 
very highly acidic conditions (e.g. 4 M HNO,) 
and in the presence of a large excess of sodium. 
We recently reported the properties of a Eu’ +-se- 

* Corresponding author 

lective PVC membrane electrode based on ligand 
1 which showed excellent selectivity against a wide 
range of common ions [2]. The lack of response to 
alkali metal ions was particularly interesting given 
the well documented selective complexation of 
sodium ions by tetraester calixarene derivatives 
such as 2 [3]. During screening experiments for 
determining the characteristics of the Eu’ + -selec- 
tive electrode based on 1. a relatively large re- 
sponse to Ca’+ was noted. This prompted us to 
investigate the possibility of making a calcium-se- 
lective sensor based on ligand 1. 

In this paper, we report on a calcium(II)-selec- 
tive electrode incorporating 1 as the sensing 

0039.9140:96;Sl5,00 #G 1996 Elsevler Science B.V. All rights reserved 
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Ligand I 

ionophore in a PVC membrane. The results are 
compared to those of an electrode based on the 
tetramethylester calix[4]arene (2). 

2. Experimental 

All membrane components except the ligands 
were obtained from Fluka and used as received. 
Other reagents including metal chlorides were pu- 
rum grade obtained from Reidel-de-Haen. Ligands 
1 [I] and 2[4] were synthesised as described previ- 
ously. PVC membranes were prepared by a stan- 
dard procedure [5] using the following 
composition: ligand, 10.0 mg; potassium tetrakis 
p-chlorophenylborate (KTpC 1 PB), 1 .O mg; nitro- 
phenyloctylether (2-NPOE), 1.0 g; PVC, 500 mg. 
The membrane components were dissolved in te- 
trahydrofuran (THF) and the resulting solution 
poured into a glass mould. Upon evaporation 
(overnight), transparent PVC membranes about 0.2 
mm thick were obtained from which electrode 
membranes were cut using a cork borer. The 
membranes were clipped into the tip of an electrode 
body which was then filled with 0.1 M CaClz as 
internal reference electrolyte. Cell potentials were 
measured relative to a calomel electrode using a 
Hewlett Packard PV meter (Model 34401A). Tran- 
sient responses were captured using an MIO-6 I/O 
card and virtual instrument software developed 
in-house using LabView (ver 3.0). 

Calibration solutions were prepared by serial 
dilution of 0.1 M CaCl, stock solution to 10 ’ M 

Ligand 2 

with deionised water. All activity values were 
calculated using the Davies equation. Selectivity 
coefficients were estimated by the separate solu- 
tions method at 0.1 M concentrations of primary 
and interfering ions. Injection experiments were 
carried out in an electrolyte that was 10 ~’ M LiCl 
and 10e4 M CaCl,. This involved injecting 250 ~1 
aliquots of a 0.1 M solution of a metal ion chloride 
into a stirred 50 ml portion of the background 
electrolyte to give an approximate six-fold concen- 
tration excess of the injected ion over the initial 
calcium concentration. The high background of 
LiCl ensured that the ionic strength remained 
relatively unchanged. LiCl was chosen as ionic 
strength adjuster following initial screening exper- 
iments which demonstrated no response by the 
electrode to lithium ions. Electrodes were condi- 
tioned in 0.1 M CaCl, solution between experi- 
ments. In each case, the initial injection was 
followed by two 250 ~1 injections of 0.1 M CaCl, 
to investigate whether the presence of the interfer- 
ing ion had any effect on the calcium response. 
These injections cause approximate six-fold and 
two-fold increases in the calcium ion activity, which 
in turn should generate electrode responses of the 
order of + 20 mV and 5-6 mV respectively. It 
should be stressed that these injection experiments 
are used as quick screening experiments, and not 
precision measurements, as the change in potential 
depends on the electrode slope, the exact amount 
of electrolyte added and the initial concentrations 
of the ions. Nevertheless, they do provide convinc- 
ing evidence of selectivity and a useful indication 
of the dynamic respone behaviour of the sensors. 
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Fig. 1. Typical calibration curve obtained with CaCl, solu- 
tions The solid line is the average of II = 4 measurements with 
one electrode, with the standard deviations are shown as error 
bars. The slope is 26.35 mV decade- ’ measured over the 
activity range IO-‘-IO-’ M CaCl, (no correction for residual 
junction potential). 

3. Results and discussion 

The electrodes generated very stable potentials 
with little drift. Fig. 1 shows a typical calibration 
curve, with the electrode slope being 26.3 mV 
decade ~ ’ (0.1 M to 10 4 M Ca Cl,). In order to 
assess the electrode lifetime, the slope over the 
above range was measured each week over a 
period of 6 weeks, while the electrode was in 
continual use (Fig. 2). After a small initial decline 
in slope, the electrode continued to function in a 
reproducible manner for the rest of the assessment 
period, and in no case did the slope fall below 22 
mV decade - ’ (n = 5 electrodes). 

Selectivity was investigated by the separate so- 
lutions method and by injection experiments. The 
calculated selectivity coefficients for electrodes 
based on both ligands are summarised in Table 1. 
Clearly, there is a striking change in the selectiv- 
ity. with the tetraester (2) being very selective for 
sodium against all ions tested, and the tetraphos- 
phine oxide (1) being very selective for calcium 
ions against all other ions tested. In order to 
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Fig. 2. Effect of continual use on an electrode slope 

Table I 
Selectivity coefficients for the tetraphosphine oxide (I) and 
tetraester (2) calix[4]arenes measured by the separate solutions 
method with 0.01 M chlorides of the metals 

Ligand 

Nat 
K’ 
NH; 
Ll’ 
MgZ+ 
Ca’ + 

Log .I;,’ 

I 2 [31 

-2.2 0.0 
-2.7 -2.7 
-2.0 -3.5 
- 1.6 -2.9 
-2.6 -3.7 

0.0 - 3.5 

verify the selectivity. injection experiments were 
performed as described in the experimental sec- 
tion (Fig. 3). The results clearly demonstrate the 
almost total lack of response to the interfering 
ions injected, despite an approximate six-fold ex- 
cess of the injected ion over that of the initial 
calcium concentration. Furthermore, in every 
case, there was little or no apparent effect on the 
subsequent injection of two similar aliquots of 
calcium. which led to responses which were effec- 
tively nernstian within the limits of reproducibility 
of the experiment. 

25 : 
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Fig. 3 (a and b) 
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Fig. 3. Transient responses to injection of 250 /tl aliquots of 
various metal chlorides followed by two further injections of 
250 1’1 aliquots of 0.1 M CaCl?. Injection points indicated by 
arrows. 

Previously, calcium-selective electrodes have 
been fabricated with varying degrees of success 
using a number of different hgand types, including 
lipophilic diamide derivatives [6], macrocyclic 
polyethers [7] and a polymerisable benzo-15 
crown-5 [8]. A water hardness electrode (which 

responds to both Ca” and Mg’ + ) has also been 
reported [9]. However, to our knowledge, this is 
the first report of a selective electrode for calcium 
based on phosphine oxide ligating groups and, as 
such, offers the possibility of a new series of 
calcium-selective ligands based on the well-known 
ease of modification of the calixarene building 
block. 

Physicochemical measurements and modelling 
experiments based on energy minimisation calcu- 
lations are underway to probe the structural basis 
for the affinity between the phosphine oxide lig- 
and the calcium ion. 
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Abstract 

Laser-induced breakdown spectroscopy (LIBS) in air at atmospheric pressure has been used to study four 
geological samples belonging to different structural families. Atomic emission spectra of vanadinite, pyrite, garnet and 
a type of quartz (compostela’s quartz) are shown. The 532 nm line of a Nd:YAG laser at an irradiance of 18 x IO” 
W cm-’ was used. The precise focus of the beam allowed microanalysis of a 0.02 mm’ surface area working in 
single-laser shot mode. The use of an intensified gateable charge-coupled-device (CCD) detector permitted time-re- 
solved studies. The spectral lines have been assigned to transitions in the neutral charge state of the corresponding 
atom of the material under investigation. The behavior of different transitions with time delay are shown. In 
experiments, minor components contained in several minerals have been detected. This fact has been used to 
demonstrate the applicability of the technique to characterize and identify similar minerals. 

&~~~z~rds: Geochemical analysis; Laser-induced breakdown spectroscopy; Laser-induced plasmas; LIBS 
-________ 

1. Introduction 

The effect of a short pulse of laser radiation 
focused on a sample produces an irradiance suffi- 
cient to vaporize a small spot of a solid on the 
surface, resulting in a high-temperature and elec- 
tron-density plasma that can be spectrally ana- 
lyzed by optical emission spectroscopy. This 
technique is called laser-induced breakdown spec- 
troscopy (LIBS) [ 11. 

* Corresponding author 

The physics of laser/surface interaction is a 
well-known process. The surface reflects some of 
the energy and the remaining part is absorbed by 
the surface. Due to the short laser pulse duration, 
there is not enough time for thermal diffusion into 
the surface material outside the focal spot. This 
fact explains the quick heating of the surface, 
resulting in a rapid vaporization. The vapor 
moves outward from the surface and by a multi- 
photon absorption process; some of the material 
is ionized creating an appreciable ionic popula- 
tion. When a sufficient density of ions and elec- 
trons is created. an inverse Bremstrahlung process 

0(139-9140:96;Sl5.01 c 1996 Elsevier Science B.V. All rights reserved 
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causes the incident laser light to be absorbed 
minimizing the laser light reaching the sample 
surface. The electrons are heated causing an in- 
crease in temperature, and rapid energy transfer- 
ence and electron-ion collisions which result in 
neutral species. Subsequent spectra1 analysis has 
been successfully used for elemental analysis in 
solids [2], gases [3], liquids [4] and aerosols [5]. 
Applications of LIBS for the analysis of solids 
include the detection of contaminants on elec- 
tronic microcircuits [6], on-line process control [7] 
and analysis of noble and alloyed jewelry metals 
[S]. The advantages of improving the technique by 
working under high vacuum have been also de- 
scribed [9]. 

LIBS allows direct analysis of a wide range of 
solids, including minerals and rocks and shows 
great capabilities to perform routinely non-de- 
structive identification of microscopic inclusions 
in their material hosts [lo]. The simple require- 
ments in sample-preparing-and-handling provide 
several advantages with respect to other widely 
used techniques including electron and ion mi- 
croprobes [l 11. LIBS can be used to identify, map 
out the distribution and determine the quantity of 
elemental constituents of the sample. The main 
advantage is the possibility of simultaneous multi- 
element analysis over a wide spectra1 range with- 
out pre-treatment or transport of the sample to 
the excitation source (inductively coupled plasma 
atomic emission spectrometry (ICP-AES)). Al- 
though the coupling of laser ablation to ICP-AES 
or ICP-MS (inductively coupled plasma mass 
spectrometry) systems is becoming a powerful 
tool in geochemical analysis, it can be said that 
LIBS is the right choice when the number of 
elements to be found is large or the composition 
of the sample is unknown [12]. 

The high performance of charge-coupled-device 
(CCD) detectors in terms of spectra1 range, quan- 
tum efficiency, integration time and gating, allows 
resolution of the complex spectra of geological 
samples better than using scanning spectrometers 
with photomultipliers tubes detectors [ 131. Fur- 
thermore, because of the two-dimensional charac- 
ter of the CCD detector, spatial and spectral 
information can be achieved simultaneously. 
When combined with intensifier devices, extremely 

low light levels can be recorded without increasing 
acquisition times. 

In this paper, time-resolved LIBS is used to 
obtain the spectra of minerals from different 
families including sulfides, vanadates and silicates. 
No sample preparation is required. In addition, 
time-resolved LIBS is used to improve the signal- 
to-noise ratio (SNR) as well as to reduce the 
Stark effect and continuum background often 
found in LIBS spectra. Examples are shown to 
demonstrate the capability to conduct geological 
taxonomy and to analyze a field sample. 

2. Experimental 

2. I. Appurutus 

The experimental setup for time-resolved LIBS 
is shown schematically in Fig. 1. The second 
harmonic of a pulsed Nd:YAG laser (i = 532 nm, 
pulse width 5 ns, 170 mJ pulse ~ ‘, Continuum, 
Surelite SLI-20) was used to irradiate the samples. 
The beam was focused at normal incidence onto 
the sample surface with a glass planoconvex lens 
with a focal length of 100 mm andf-number of 4. 
The spot area was 0.012 mm’, which resulted in 
an irradiance of 18 x 10’ ’ W cm ~ ‘. 

A 1: 1 image of the plasma was focused using a 
planoconvex quartz lens with focal length of 100 

ss 
!n HG PM 

CPU 
sp 

M 

Fig. 1. Schematic setup used in this paper. LH, laser head; 
CPU. cooling power unit; HG. second harmonic generator; 
BS. beam splitter: Phd, trigger photodiode; Sp. spectrograph; 
C. CCD detector; LS. linear stage; S. sample: PC, personal 
computer; M, monitor: Pr. printer; Lens # I, glass lens: Lens 
# 2. quartz lens. 
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Fig. 2. Variation of peak intensity as a function of time delay. Sample: vanadinite: wavelength: 291 nm; gate width: 100 ns; laser 
energy: 170 mJ; MCP gain: 700 V. 

mm andf-number of 4 into the entrance slit of a 
0.5 m focal-length Czerny-Turner spectrograph 
(Chromex, 500 IS). Light was dispersed using a 
2400 grooves mm ~ ’ holographic grating (250 nm 
blaze). The entrance slit width was lo&200 pm, 
and the height was 10 mm. The spectrograph was 
computer controlled using specific software 
(Chromex Host Control Software 2.21). 

The dispersed plasma light is detected using a 
solid-state two-dimensional CCD (Stanford Com- 
puter Optics, 4 Quik 05). The CCD consists of 
752(h) x 582(v) elements. The photoactive area is 
6 x 4.5 mm2. The device is equipped with an S 20 
Q photocatode (spectral response from 180 to 820 
nm) and an intensifier system (microchannel plate, 
MCP). The intensifier system allows a high pho- 
tonic gain, better than 10” electrons/photon. Ex- 
tremely high system responses are achieved 
(SO-500 000 ASA) with a 12 bit dynamic range. 
Operation of the detector was controlled by 4 
Spec 1.20 Software. Shutter and delay times can 
be selected in 50 ns steps. A fast photodiode was 
used as the external trigger for exact synchroniza- 

tion of the incident laser pulse and opening of the 
camera shutter. 

The experimental conditions were optimized in 
order to obtain the best SNR. A gate width of 100 
ns was used in all experiments, while the time 
delay was varied when required. The MCP gain 
was fixed in 700 V when single-shot experiments 
were run. When different shots were accumulated 
in order to improve the SNR, the gain was re- 
duced 

Video image capture, processing and display 
were made using a PC-compatible monochrome 
frame grabber (Data Translation, DT2855). As 
images are captured, they can be displayed with 
768 x 5 12 square pixels resolution and 256 gray 
levels. This number of pixels and gray levels pro- 
duced a high-definition display with continuous 
tones to match real images. Later on. they can be 
output for real-time images processing and 
pseudo-color display into a VESA-ISA Local Bus 
PC specially equipped for fast capture and pro- 
cessing images. 
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Wavelength (nm) 

Fig. 3. Pyrite single-shot LIBS spectrum. Time delay: 500 ns. Other conditions as in Fig. 2. 

2.2. Slmplrs 

Samples were directly taken from the field and 
analyzed without other treatment than washing 
the surface with deionized water to remove dust 
and mud. Four mineral species were analyzed: 
garnet, vanadinite, compostela’s quartz and 
pyrite. Details on chemical structures and atomic 
cells implants will be discussed in the results and 
discussion section. 

Table I 
Designations of peaks labeled in Fig. 4. All signals correspond 
to Fe”’ transitions 

Line Wavelength Upper energy level 
(nm) (cm -‘) 

A 370.9 34329 
B 372.0 26875 
C 372.7 34541 
D 373.5 33695 
E 374.9 34040 
F 375.8 34329 
G 376.4 34547 
H 381.6 38175 
I 382.0 33096 

3. Results and discussion 

3.1. Tim -rrso Iw.4 unaly’sis 

Spectral analysis of geological samples obtained 
using LIBS involves complex spectra in the pres- 
ence of a noisy background with many over- 
lapped peaks due to band broadening (Stark 
effect). Spectral lines corresponding to high popu- 
lated energy levels are the result of the elevated 
plasma temperature. Spectra can be drastically 
simplified and the SNR greatly improved by de- 
laying observation of the plasma. Time-resolved 
LIBS is useful since three benefits are achieved. 
First. there is a considerable decrease of the con- 
tinuum emission due to Bremstrahlung radiation 
occurring immediately after plasma formation. 
Second, it is possible to avoid spectral interfer- 
ences between species that emit at different times 
during plasma decay allowing characterization of 
different species. Third, spectral resolution im- 
proves because the Stark effect contribution is 
minimized. 

The temporal behavior of different atomic spe- 
cies of the plasma is illustrated in Fig. 2. As 
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shown, the 279.5 nm transition corresponding to 
Mn’n shows a different temporal behavior reach- 
ing its maximum intensity at 50 ns of delay while 
the rest of the lines decay immediately after 
plasma formation. 

3.2. Spectral unalysis 

Fig. 3 shows a pyrite (FeS,) emission spectrum. 
The selected window does not allow the observa- 
tion of sulfur lines and only Fe”’ lines are plotted. 
Although the laser is a powerful mean of inducing 
plasmas and it is able to produce ionization states 
as high as other continuum plasma sources (ICI’, 
microwave-induced plasma and other), these are 
often not visible. The explanation must be found 
in the pulsed nature of the laser-induced plasma 
that determines many secondary processes of re- 
combination (with oxygen mainly involved). 
These processes reduce the lifetime of many ionic 
lines in the spectrum and can be minimized work- 
ing under vacuum conditions. Table 1 summarizes 
the results and spectroscopical parameters of the 
most relevant lines [14]. 

In order to show the applicability of the 
method in the determination of mineral species, 
LIBS spectra of compostela’s quartz and garnet 
were obtained. Fig. 4 shows line emission of 
quartz (top) and garnet (bottom). Both minerals 
contain the same silicate matrix with differences 
due to their three-dimensional structure. Garnet 
involves a large group of nesosilicates with many 
isostructural minerals. The general formula is 
A,B,(SiO,),, where A refers to large divalent 
cations, mainly Mg’+ , Fe’ + and Mn’ -, and B 
alludes to trivalent cations a few smaller in size, 
A13+, Fe3+ and Cr3 + On the other hand. com- 
postela’s quartz is a very typical quartz variety 
from northern Spain, characterized by a light-red 
color due to iron insertions. Cr”+, Mn’+ and 
Mg2+ can also be found [15]. Large similarities in 
spectral behavior of both samples are expected 
and only the analysis of insertions in the atomic 
cell can be fruitful to discriminate the samples. As 
Fe, Cr, Mn and Mg insertions can be found in 
both garnet and quartz. the presence of Al emis- 
sion lines in the garnet spectrum provides infor- 
mation required to discriminate the minerals. For 

278 Wavelength (nm) 

ZIP Wavelength (nm) 

Fig. 4. Comparison of LIBS spectra of Compostela’s quartz 
(top) and garnet (bottom). Time delay: 500 ns; accumulated 

shots: IO; MCP gain: 600 V. Other conditions as in Fig. 2. 

this purpose, experimental data were obtained by 
accumulating ten shots in order to avoid surface 
interferences and to improve the SNR. Fig. 4 
shows lines corresponding to Fe”‘. Mn”‘, Mg”’ 
and Si”’ in both garnet and quartz as expected. 
However. a detailed comparison reveals an alu- 
minum line at 281.8 nm in garnet, which is not 
found in the LIBS spectrum of compostela’s 
quartz. 

4. Conclusions 

In the present paper, the laser-induced plasma 
emission phenomenon described can be used to 
detect and identify atomic constituents on the 
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surface of inorganic minerals. Analysis can be 
performed quickly in air at atmospheric pressure 
with a comparatively simple experimental setup. 
Furthermore, the laser plasma light is collected 
and directed to the detection system using a lens 
or a fiber optic cable which allows direct field 
measurements from samples located in difficult 
sites. 

Enhancement of spectral lines with respect to 
the plasma continuum has been achieved by time- 
resolved spectroscopy. The quick decay of contin- 
uum emission in the first 100 ns suggests that 
laser-induced plasma emission of neutrals is the 
dominant process. The development of similar 
experiments under vacuum conditions would be 
useful to enhance the lifetimes of the ionic lines. 
The applicability of the method has been illus- 
trated in the characterization of two very similar 
mineral species. In a second study, quantitative 
results will be reported. 
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Abstract 

Response properties and selectivity are reported for glutamate biosensors constructed with a film of Nafion between 
the platinum anode and a layer of immobilized glutamate oxidase. The effects of enzyme loading, sample pH and 
temperature are established. Operation at pH 7.8 and 37°C results in linearity up to 800 PM and a limit of detection 
of 0.3 PM. Nafion enhances selectivity for glutamate over test species that include ascorbic acid, uric acid and 
acetaminophen. Selectivity enhancement was greater over the anionic interferences because of electrostatic repulsion 
and the extent of this enhancement depends on the thickness of the Nafion layer. Even under ideal conditions, some 
interfering signal is observed when glutamate levels are ten-times less than ascorbate. 

Kqwor&is: Glutamate; Nafionlglutamate oxidase biosensor: Selectivity enhancement 

1. Introduction 

Numerous reports have described work to de- 
velop a functioning biosensor for glutamate [l-5]. 
Typically, glutamate oxidase is immobilized at the 
surface of an anodic electrode and the enzymatic 
generation of hydrogen peroxide is monitored am- 
perometrically. The two major applications for 
such glutamate biosensors are as monitors for 
bioreactors [6] and as real-time sensors during 
neurochemical experiments [7]. In both cases, se- 
lectivity for glutamate over easily oxidized endo- 
genous species is critical for acceptable accuracy. 

* Corresponding author. 
il Present address: College of Engineering. University of 

California. Riverside, CA 92521. USA. 

Ascorbate represents a major potential inter- 
ference, especially in neurochemical systems 
where high and varying levels of ascorbate can 
be present. Ascorbate interference is caused 
by direct oxidation at the electrode surface. 
One strategy to enhance sensor selectivity is 
to add a layer of Nafion which electrostatic- 
ally repels anions, such as ascorbate, while fre- 
ely passing hydrogen peroxide. This strategy 
has been used effectively with electrochemical 
sensors for dopamine [8.9] and blood glu- 
cose [l&l 11. In both cases, Nafion coated 
electrodes provide sufficient selectivity enhance- 
ment for accurate measurement under conditions 
where the analyte concentration is greater than 
or equal to that of ascorbate. In some neuro- 

0039-9140~96~615.00 s@Z 1996 Elsevier Science B.V. All rights reserved 
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chemical situations, however, glutamate levels can 
be orders of magnitude lower than ascorbate lev- 
els, which places further demands on sensor selec- 
tivity. 

In this paper, Nafion is evaluated as a means to 
enhance selectivity of glutamate measurements 
performed with the glutamate oxidase based 
biosensor. Selectivity for glutamate over ascorbate 
is characterized with and without a thin layer of 
Nafion positioned between the immobilized en- 
zyme and a platinum anode. Although the re- 
sponse to ascorbate is attenuated significantly in 
the presence of the Nafion layer, this response is 
not completely eliminated. Even with the Nafion 
layer, measurement inaccuracies can be substan- 
tial depending on the relative concentrations of 
glutamate and ascorbate. As a result, the utility of 
this glutamate biosensor in neurochemical experi- 
ments will be restricted to situations where the 
relative amounts of ascorbate and glutamate per- 
mit accurate measurements. Besides our charac- 
terization of the Nafion membrane, the effects of 
enzyme loading, pH and temperature are evalu- 
ated. and conditions for the optimal glutamate 
response are identified. 

2. Experimental 

2.1, Appuratus 

Amperometric measurements were made with a 
Model DCV-5 Voltammetry Controller from Bio- 
analytical Systems. (West Laffayette, IN, USA) 
and recorded on a Sargent-Welch Model XKR 
strip chart recorder. All pH measurements were 
made with a Ross-type combination pH electrode 
(Orion Model H4100-12) in conjunction with a 
Model 472 meter. Solution temperatures were 
controlled with VWR model 1140 water bath 
(Polyscience Corp., Niles, IL, USA). 

2.2. Reugents and supplies 

Platinum electrodes were disk shaped with 
a diameter of 1.6 mm (MF-2013). These elec- 
trodes were purchased, along with the silver-sil- 
ver chloride reference electrodes (MF-2020) from 

Bioanalytical Systems. Glutamate oxidase (8 U 

mg- ‘1 was generously donated from Hitoshi 
Kusakabe from Yamasa Shoyu Co. Ltd. (Choshi, 
Chiba 288, Japan). Nafion was purchased from 
Aldrich Chemical Co. (Milwaukee, WI, USA) as 
a 5% (w/w) suspension of the perfluorinated ion- 
exchange powder in a mixture of low molecular 
weight aliphatic alcohols and 10% water. L-Glu- 
tamic acid (monosodium salt, 999100%) bovine 
serum albumin (BSA, 98&99%) and glutaralde- 
hyde (Grade II, 25% aqueous solution) were ob- 
tained from Sigma Chemical Co. (St. Louis. MO, 
USA). Concentrated hydrogen peroxide (30%) 
was purchased from Fisher (Chicago, IL. USA) 
and was standardized periodically by titration 
with sodium thiosulfate. All other chemicals were 
obtained from common suppliers as reagent grade 
materials. 

All solutions were prepared with distilled- 
deionized water by passing the house distilled 
water through a three-house Milli-Q water purifi- 
cation unit. The working buffer had a pH of 7.4 
and contained the following salt concentrations: 
50 mM NaCl, 10 mM KH?PO, and 40 mM 
Na,HPO,. Solutions of L-glutamate were pre- 
pared by dissolving L-glutamic acid (dried at 
104°C for 2 h) in working buffer. 

2.3. Procedures 

2.3.1. Electrode prepuration 
Platinum electrodes were polished sequentially 

with 3, 1 and 0.3 pm aluminum oxide lapping 
films and washed in a sequence of acetone. dis- 
tilledddeionized water, nitric acid (1:l) and dis- 
tilledddeionized water in an ultrasonic cleaner. 
Polished electrodes were electrochemically pre- 
treated in 0.5 M sulfuric acid by cycling the 
applied voltage between - 0.4 to 1.3 V versus 
AglAgCl at a scan rate of 50 mV s - ’ for 10 min. 

Nafion layers were constructed by placing a 10 
,LLL aliquot of a 1% Nafion suspension on the 
surface of a treated platinum electrode. Films 
were formed by allowing the solvent to evaporate 
at room temperature for 20 min. Different film 
thicknesses were generated by either using a 
different concentration of Nafion or applying a 
different volume. 
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Glutamate oxidase was immobilized by 
crosslinking with BSA and glutaraldehyde. First 
the platinum electrode was polished, washed and 
electrochemicaly pretreated. A Nafion film was 
prepared by placing one 10 PL aliquot and, sub- 
sequently, four individual 3 PL aliquots of 1% 
Nafion on the surface of the platinum electrode. 
In each case, the previous layer was allowed to 
dry before the next aliquot was administered. An 
enzyme solution was prepared by dissolving 0.5 
mg of glutamate oxidase in 5 PL phosphate buffer 
(pH 6.86). This glutamate oxidase solution was 
mixed well with 2.5 PL of 10% (w/w) BSA and 
1.25 PL of 2.5% glutaraldehyde. A 2 ,PL aliquot 
of this final mixture was placed on the Nafion 
film. Approximately 0.91 units of glutamate oxi- 
dase were immobilized on a surface area of 0.2 
mm’. After drying at room temperature for 30 
min, the electrode was washed thoroughly with 
phosphate buffer to remove any unretained en- 
zyme. Different enzyme loadings were obtained by 
adjusting the concentration of the glutamate oxi- 
dase stock solution. 

2.3.2, Sensor response measurements 
Sensor responses were measured by recording 

anodic currents as a function of time. Unless 
stated otherwise, the working electrode potential 
was maintained at 0.65 V versus a Ag/AgCl refer- 
ence electrode. Data for the response curves were 
collected by first immersing the sensing tip in a 
blank solution of working buffer to determine the 
background current. Microliter additions of a glu- 
tamate standard were then added sequentially and 
the corresponding steady-state currents were 
noted. In most cases, the sample solution was 
stirred with a magnetic stir bar. Stirring was 
stopped, however, to reduce noise when solutions 
with low glutamate concentrations were mea- 
sured. Response times were measured as the time 
required to achieve 95% of the final steady-state 
response after a step change in glutamate concen- 
tration. 

3. Results and discussion 

Response properties for the glutamate biosen- 

sor have been measured as a function of enzyme 
loading, solution pH and operating temperature. 
In addition, the effect of Nafion on electrode 
selectivity has been established with particular 
interest in the effect of Nafion layer thickness. 

3.1. Opemtionul parurneters 

The amount of glutamate oxidase required to 
saturate the sensing tip was determined by com- 
paring the response curves obtained from a series 
of sensors constructed with different amounts of 
immobilized glutamate oxidase. The results are 
presented in Fig. 1. As the amount of immobilized 
glutamate oxidase approaches 0.91 units, the sen- 
sor response becomes independent of the amount 
of enzyme. Below this saturation point, however, 
the response is strongly affected by the amount of 
glutamate oxidase. The slope of the calibration 
curve increases with increasing glutamate oxidase 
concentrations, until a saturating amount is 
reached. Unless noted otherwise 0.91 units of 
glutamate oxidase were used for the construction 
of all subsequent sensors. 
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Fig. I. Sensor response curves with enzyme loadings (U per 
membrane) of 0.001 (open squares): 0.01 (closed squares); 0.23 
(open triangles); 0.91 (closed triangles); and 1.37 (circles). 
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Fig. 2. pH profile for response to glutamate. 

The magnitude of the sensor response depends 
strongly on solution pH. The sensor response was 
monitored at different solution pH values for a 
step in glutamate concentration from zero to 
0.7844 mM at room temperature. Fig. 2 shows 
how the response depends on solution pH. The 
maximum response is obtained at pH 8.0 and over 
95% of this maximum response is obtained over 
the pH range from 6.5 to 9.5. This pH profile is 
similar to that reported for the free enzyme [12] 
where the optimum pH is 7-8. 

Temperature also strongly influences the sensor 
response as expected because of the well known 
effects of temperature on reaction kinetics, en- 
zyme activity and mass transport [ 131. The effect 
of temperature was evaluated by measuring the 
sensor response to 0.37 mM glutamate over a 
temperature range from 5.6 to 63.O”C. Enzyme 
loading was reduced in this experiment to 0.23 U 
at the electrode surface in order to amplify the 
temperture effects. The magnitude of the response 
increases dramatically as the temperature in- 
creases from 5.6 to 48°C. The temperature co- 
efficient over this range is approximately 8.5 nA 
“C -~ I. A maximum response is observed at 48°C 
and the response drops at a rate of 2.8 nA “C ’ 
as the temperature increases beyond 48°C. Gluta- 
mate oxidase is a thermally stable enzyme [14] 

which accounts for large responses at tempera- 
tures above 40°C. Thermal degradation of the 
enzyme does become a factor, however, above 
48°C. 

Ideal sensor response properties are obtained 
with at least 0.91 units of immobilized enzyme 
operating at pH 8.0 and 48°C. More importantly, 
these results demonstrate that the sensor can op- 
erate well over a wide range of pH and tempera- 
ture values. Finally, the influences of pH and 
temperature are sufficiently strong that precau- 
tions to control these parameters are required for 
accurate measurements. 

3.2. Nujion and selecti&?. 

As expected, easily oxidized species, such as 
ascorbic acid, uric acid and acetaminophen, are 
positive interferences when biosensors are pre- 
pared without Nafion. The magnitude of this type 
of interference is illustrated by comparing the 
sensor responses in solutions containing only 0.369 
mM glutamate and those containing 0.369 mM 
glutamate plus 0.369 mM of the interfering com- 
pound. Direct oxidation of the added compound 
increases the measured current which results in 
systematic errors corresponding to apparent gluta- 
mate levels of 191.9, 186.5 and 197.0%. the actual 
values in the presence of ascorbic acid, uric acid 
and acetaminophen, respectively. 

Such interfering responses are reduced in the 
presence of Nafion and the extent of this reduc- 
tion depends on the thickness of the Nafion layer. 

Table I 
Ascorbate oxidation with different Nafion layer thicknesses 

Thickness Electrode response (PA)” 
(wn) 

E “pp = 0.4Vb E ‘~pp = 0.6Vh 

0 0.98 ( lOO’%~) I .08 (100%) 

3.2 0. I 2 ( I 2%) 0.48 (44%) 
4.5 0.085 (8.7%) 0.22 (20%) 
6.7 0.021 (2.1%) 0.06 (5.6%) 

9.0 0.012 (1.2%) 0.03 (2.8%) 
II 0.004 (0.4%) 0.014 (1.3%) 

“Per cent response with no Nifion given in parenthesis. 
hMeasured relative to Ag:AgCl. 



Table 1 summarizes steady-state currents mea- 
sured for 1.0 mM ascorbate solutions with differ- 
ent Nafion layer thicknesses for two applied 
potentials (0.4 and 0.6 V versus Ag:AgCl). At 
both potentials, the response drops significantly as 
the Nafion layer thickness grows from 0 to 11 
/lrn. At 11 pm, the relative response decreased to 
0.4 and 1.3% of the original values at applied 
potentials of 0.4 and 0.6 V, respectively. 

Nafion also reduces the electrode response to 
hydrogen peroxide. The Nafion layer adds an 
additional diffusion barrier which lowers the flux 
of hydrogen peroxide to the electrode surface. 
thereby lowering the monitored current. Of course 
the extent of signal reduction is greater for ascor- 
bate and the other anionic species, because both 
electrostatic repulsion and diffusion barrier effects 
are combined to reduce responses from these in- 
terferences. Relative to no Nafion. a 6.7 jlrn layer 
of Nafion results in a 35% reduction in the steady- 
state current for hydrogen peroxide. Under the 
same conditions, nearly 95% of the response to 
ascorbate is removed. Without Nafion, currents 
for ascorbate are approximately 41% of those for 
the same concentration of hydrogen peroxide. 
This percentage drops to less than 3% when the 
Nafion layer thickness reaches 6.7 Ltm. No further 
reduction in the relative response to ascorbate was 
obtained with thicker layers. It is important to 
stress that some response was observed for ascor- 
bate at all Nafion layer thicknesses which suggests 
absolute selectivity for hydrogen peroxide is not 
possible with this approach. 

By altering the response to hydrogen peroxide. 
the Nafion layer also affects the response to glut- 
mate. Without Nafion, the mean response ( & 95% 
confidence interval) for 10 consecutive measure- 
ments of 0.5 mM glutamate was 446 ( + 10) nA 
and the corresponding response time was 7 ( + 
1.5) s. With a 5 ilrn thick Nafion film, the mean 
current and response time are 195 ( + 10) nA and 
14 ( + 1) s, respectively, for seven consecutive 
measurements at the same glutamate concentra- 
tion. Nafion causes a 2.3-fold decrease in magni- 
tude of response and 2-fold increase in response 
time. Still, linear calibration curves are achieved 
with Nafion. Example curves are presented in Fig. 
3 over wide and narrow ranges of glutamate 

-6 -5 -4 -3 

Log(Glutamate Cont. M) 

0 1 1 
0 2 4 6 6 10 12 14 

Glutamate Cont. (PM) 

Fig. 3. Calibration lines for glutamate showing (a) log 
plot for a wide dynamic range and (b) normal plot for 
micromolar concentration range. 

lo&? 
the 

concentrations. Fig. ia illustrates linearity over a 
wide range of glutamate levels. Regression analy- 
sis of these data reveal a slope of 1.022 ( k 0.008), 
a J.-intercept of 5.64 ( i- 0.03) and a correlation 
coefficient of 99.90’!/;1 for this 10g~log plot. Fig. 3b 
presents a calibration line for 1 to 13 ,LIM gluta- 
mate. Regression analysis indicates a slope of 
0.3253 ( k 0.0009) nA /rM ‘. a j*-intercept of 
0.018 ( + 0.013) nA and a correlation coefficient 
of 99.99% The calculated limit of detection 
(S N = 3) from Fig. 3b is 0.3 ,L~M and the re- 
sponse times are approximately 14 5 at all concen- 
trations. Data for both curves were collected at 
37°C. 



Selectivity for glutamate over anionic species is 
enhanced with the Nafion layer. No differences in 
sensor response were observed when the electrode 
was exposed to solutions of 0.369 mM glutamate 
and 0.369 mM glutamate plus 0.369 mM ascor- 
bate or urate. This lack of response is strikingly 
different than that noted above in the absence of 
the Nafion film. Some effect of ascorbate was 
observed. however, when the ascorbate concentra- 
tion was 10 times greater than glutamate. In this 
experiment, the sensor tip was immersed in an air 
saturated solution composed of 0.369 mM gluta- 
mate and no ascorbate. After the steady-state 
current was noted, solid ascorbic acid was added 
to give a final ascorbate concentration of 3 mM. 
The average relative difference in the response 
caused by the addition of ascorbic acid was 2.08% 
for six repeated trials. Ascorbate was added in 
this way to minimize the production of hydrogen 
peroxide via anaerobic oxidation [15]. The Nafion 
layer was much less effective in reducing interfer- 
ence from acetaminophen. The electrode response 
increased by 29.9% when comparing the responses 
to solutions with 0.369 mM glutamate alone and 
0.369 mM glutamate plus 0.369 mM ac- 
etaminophen. Although the interfernce by ac- 
etaminophen is sizable with the Nafion layer, the 
magnitude of interference is reduced considerably 
compared to sensors without Nafion (see above 
for specific values). Enhancement in selectivity 
over the neutral acetaminophen is presumably 
caused by differential diffusion barrier effects by 
Nafion between acetaminophen and hydrogen 
peroxide. 

4. Conclusion 

Selectivity for glutamate can be enhanced by 
incorporating a thin layer of Nafion between the 
electrode surface and the immobilized layer of 
glutamate oxidase. The extent of selectivity en- 
hancement depends on the thickness of the Nafion 
film. Even with the maximum thickness, however. 
response to interferences cannot be completely 
eliminated. Inaccurate measurements can result 
from oxidizable anionic species, such as ascor- 
bate, when the glutamate concentration is ten- 

times less than the interfering species. As a result, 
this electrode configuration does not provide the 
selectivity needed for many neurochemical experi- 
ments where ascorbate levels are known to be two 
orders of magnitude greater than glutamate. Un- 
der such demanding conditions, alternative selec- 
tivity enhancement strategies, such as Wilson’s 
dual enzyme system [7] or our hydrogen peroxide 
gas-sensing scheme [15], are needed to ensure 
accuracy. Nevertheless, the Nafioniglutamate oxi- 
dase system described here offers the key advan- 
tages of being easy to construct and simple to 
operate, which makes it a viable alternative when 
the selectivity demands permit. 
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Adaptation of microthermal probes for the determination of 
biochemical species 

Volodymyr Lysenko”,b, Georges Delhomme’, Alexey Soldatkina,d, Vitaly Strikhab, 
Andrk Dittmar’, Nicole Jaffrezic-Renault”, Claude MarteleP* 

Abstract 

A glucose sensitive enzymatic thermal sensor based on a pair of commercial microthermal probes was fabricated 
by cross-linking of the corresponding enzymes (glucose oxidase and catalase) with bovine serum albumin onto the 
chip surfaces. The characteristics of this sensor were optimised by testing it in different conditions. To find the 
maximal sensitivity, the calibration curves of this sensor were measured in different buffer solutions with and without 
the addition of H,O, to the analysed samples at various rates of sample flow stream. Different buffer solutions and 
hydrogen peroxide concentraions were used to realise the principles of a chemical and biochemical amplification of 
the biosensor response. It was shown that the level of the biosensor response and its dynamic range increase if 
hydrogen peroxide is added to the analysed samples and depend on the type of buffer solutionx tested and the rate 
of the sample flow stream. 

K~JNYW~.S: Biosensor dynamic range; Biosensor sensitivity; Chemical and biochemical amplification: Enzyme thermal 
sensor: Glucose 

-- 

1. Introduction 

Thermal biosensors based on either thermocou- 
ples or thermopiles [l-5] have been applied suc- 
cessfully in biochemical analysis. The recent 
developments in this field were mainly focused on 

miniaturisation and multi-analytes capabilities 
offered by the micromachining and microelectron- 
its technologies. Another approach in the design 
of new low-cost biosensors is to use a commercial 
probe and to modify it in order to obtain new 
properties. By this way it is possible to combine 
the well stated advantages of the original sensor 

__- with the new properties of the modified one to 
* Corresponding author. obtain a simple multisensor with the reliability of 

0039.9140~961$I5.00 cc’ 1996 Elsevier Science B.V. All rights reserved 
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Fig. I. Experimental set-up. I, glass reaction cell; ‘7. plexiglas homemade cork with a pair of thermistors: 3. thermistors; 4. heat 
exchanger: 5. metallic tube to be used to heat the solutton injected into the reaction cell: 6, thermostatic bath; 7. peristaltic pump. 

a commercial transducer and the simplicity of a 
single type of signal treatment. 

With this aim, in the present work, we have 
modified classical microprobes used for minimally 
invasive measurement of temperature, thermal 
conductivity and tissue blood flow [6,7] with enzy- 
matic membranes. Consequently it has been possi- 
ble to add biochemical sensing capabilities to a 
probe previously designed for the physical mea- 
surement of physiological parameters. Before us- 
ing these two types of microprobes simultaneously 
it was necessary to optimise the measurement 
conditions of the enzymatically modified classical 
thermal probe. by altering the buffer type and 
increasing the sensitivity by the addition of spe- 
cific chemical reagents. 

2. Experimental 

Glucose oxidase (EC 1.1.3.4) from Asprrgilhts 
niger with an activity of 180 U mg ‘, catalase 
(EC 1.11. I .6) from bovine liver with an activity of 
13 000 U mg - ’ and bovine serum albumin (BSA) 
were purchased from Sigma. A 25% aqueous solu- 

tion of glutaraldehyde (GA) was obtained from 
Merck. All other reagents were of purum analyti- 
cal grade. Bidistilled or deionized water was used 
throughout for the preparation of samples, buffer 
and other solutions. 

Glucose oxidase and catalase were immobilised 
using a modified procedure described earlier [8]. 
Solutions of glucose oxidase, catalase and BSA 
( 10% w/w) were prepared in a 10 mM phosphate 
buffer (KH,PO, -NaOH). pH 7.4. Prior to their 
deposition on the sensor chip these solutions were 
mixed in defined proportions and then glycerol 
and GA were added. The mixture composition 
used was 5% glucose oxidase, 1% catalase, 5% 
BSA. 10% glycerol and 2.5% GA. As a differential 
experimental set-up was used, a drop of the en- 
zyme-containing mixture was deposited on the 
sensitive area of one of the thermistors, whilst a 
mixture containing 11% BSA, 10% glycerol and 
2.5% GA was deposited on the reference thermis- 
tor. The membranes were dried for 15-20 min at 
room temperature. Before use the membranes 
were soaked in a 10 mM phosphate buffer, pH 
7.4, for at least 15520 min to equilibrate the 
membrane system. 
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Fig. 2. Calibration curves of the glucose sensor in different butkr solutions: curve 1. 100 mM phosphate buHPr. pH 7.4: curve 2, 100 
mM TRIS butler. pH 7.4; curve 3. 100 mM HEPES buffer. pH 7.4. 

2.3. Appurutus 

Two matched thermistors “Betatherm” 10 
K3MCD2 (10 000 R at 25°C. temperature co- 
efficient of - 4”/0 “C ’ (25°C)) connected to a 
Wheatstone bridge have been used. These ther- 
mistors were fabricated using microtechnology 
techniques by ASLEC (France). The active parts 
of the thermistors were covered by a polyimide 
layer for an efficient electrical insulation. The 
biomembrane containing the enzymes was applied 
to the surface of one of the thermistors and the 
membrane without enzyme was applied to the 
surface of the other thermistor. As a result of the 
enzyme reaction the temperature increases near 
the enzyme thermistor surface whilst the tempera- 
ture near the other thermistor does not change. 
The temperature difference between the two ther- 
mistors leads to the thermistor resistance differ- 
ence being converted into the voltage signal by 
means of an electrical scheme. This signal is di- 
rectly proportional to the concentration of the 
substrate in the buffer solution. After amplifica- 
tion, the differential signal of the two thermistors 

was registered with a recorder. 
The pair of thermistors was placed within a 

thermostated glass cell (volume of 80 ml) (Fig. 1). 
Buffer solution was constantly pumped through 
the cell at flow rate of 0.80 ml min ’ by means of 
a homemade peristaltic pump. The temperature of 
the solution inside the cell and the solution flow- 
ing into the cell was held at 28°C by means of 
thermostated bath. Temperature oscillations of 
the cell solution were 5 x 10 “C; thus the ther- 
mistor differential reduced the noise of the tem- 
perature changes to 10 ~ “‘C for oscillations of low 
frequencies (period = 1 mn) and 10 ~ “‘C for oscil- 
lations of high frequencies (period < 1 min). The 
measurements were carried out using a potentio- 
metric recorder at a sensitivity of 5 x 10 ~ “C for 
a full-scale deflection in the 50 mV range. Glucose 
solutions at different concentrations were injected 
through the cell, and the measurements were car- 
ried out in a steady-state situation. The total time 
required for a determination depends on the cell 
geometry and the flow rate; for the experimental 
conditions used it usually takes 2-3 min. 



1166 1’. L~wnko ef al. ralanta 3.1 iI9961 1163-1169 

0 2 4 6 6 1D P 14 16 

Wc0seconcmration, nlvl 

Fig. 3. Calibration curves of the glucose biosensor in TRIS butkr. pH 7.4. at direrent concentrations of butler: curve 
curve 2, 50 mM; curve 3. 100 mM. 

I. 20 mM; 

3. Results and discussion 

When glucose is injected into the cell, the fol- 
lowing reactions occur close to the thermistor 
covered by the membrane containing the enzymes 
glucose oxidase and catalase: 

catalase (3)) and. thus, realising an effective chem- 
ical and biochemical amplification of the biosen- 
sor response to the glucose concentration. 

For effective chemical amplification of the 
biosensor responses different types of buffer solu- 
tions were used. As can be seen in Fig. 2, the 

GOD 
~-D-glucose + 02 ---D-glucono-6-lactone + H,O, (79 kJ molt ‘) (1) 

1 
D-gluconate + H + 

H- + buffer+ buffer-H(X kJ molV’) 

Catalase 
HZ02-H20+ 1/202(100 kJmol-‘) 

(2) 

(3) 

Glucose oxidase oxidises glucose with a heat biosensor responses depend on the type of buffer, 
production of about 80 kJ mol - ‘, The differential and the calibration curves show different shapes 
pair of glucose sensitive thermistors can register and various dynamic ranges. The biosensor re- 
this heat production, which is proportional to the sponse is higher in HEPES (N-(2-hydroxy- 
concentration of glucose in the sample; neverthe- ethylpiperazine-iV’-( 2-ethane - sulphonic acid)) 
less the sensitivity of such a process can be not and TRIS (tris(hydroxymethyl(aminomethane)) 
very high. There is a possibility of increasing the buffers compared to the one obtained in a phos- 
total amount of heat produced in the actual oxi- phate buffer (pH for each buffer solution was the 
dation of glucose by using the heat produced in same and was equal to 7.4). Comparison of the 
the second and third reactions (buffer protonation calibration curves of the biosensor obtained in 
(2) and hydrogen peroxide decomposition by HEPES and TRIS buffers shows that the sensor 
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Fig. 4. Calibration curves of the glucose biosensor in 100 mM TRIS butkr. pH 7.4. at different concentrations of hydrogen peroxide: 
curve I. 0 mM; curve 2. I mM: curve 7. 3 mM. 

response in HEPES buffer is higher in the range 
from 2 to 8 mM glucose concentration, but a 
larger linear dynamic range of the glucose sensor 
is obtained in TRIS buffer. Further, TRIS buffer 
was chosen and the dependence of the glucose 
biosensor response on the buffer concentrations 
was studied. These results are presented in Fig. 3. 
As one can see: a buffer concentration of 20 mM 
is not sufficient for a complete binding of all the 
protons generated by reaction ( 1). In 50 and 100 
mM buffer solutions the sensor response is higher 
and almost the same; thus a buffer concentration 
of 50 mM is sufficient to obtain a maximum 
signal. But the effect obtained by changing from 
phosphate buffer to TRIS or HEPES butfer can- 
not be explained only by the higher protonization 
enthalpy of these buffers. It is probable that the 
buffer effects of an enzyme conformation more 
favourable to the molecular recognition occur. 
inducing a better enzymatic turn-over. So it is well 
known that HEPES constitutes a good tissue cul- 
ture medium; the growing ability of the cells is 
related to their metabolism which is governed 
mainly by enzymatic reactions. On the other 

hand, phosphate based buffers present poor long 
term stability and such polluted aged buffers 
could induce enzyme inhibition. 

The possibility of biochemical amplification of 
the biosensor response by the use of reaction (3) 
was studied. The results are presented in Fig. 4. 
Hydrogen peroxide was added in the solutions of 
buffer and glucose. Catalase decomposes H,O, 
and therefore the concentration of oxygen in- 
creases in the cell solution. From Fig. 4 it is seen 
that increasing the concentration of hydrogen per- 
oxide only up to 1 mM induces a significant 
increase in the sensor response value and the 
sensor linear range; such low H,O, concentrations 
do not affect the enzyme activity. This effect of 
biochemical amplification by using the catalase 
reaction was investigated earlier and reported by 
Tran-Minh and Vallin [9]. But in our case the 
combination of chemical and biochemical amplifi- 
cation of the sensor responses is much more 
efficient, 

All the results presented were obtained with a 
flow rate of 0.8 ml min -~ ’ in the cell. Therefore in 
further experiments the influence of the flow rate 
in the cell on the sensor characteristics was stud- 
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Calibration curves of the glucose blosensor in I00 mM TRIS butler. pH 7.4 with different sample flow, rates in Calibration curves of the glucose blosensor in I00 mM TRIS butler. pH 7.4 with different sample flow, rates in 
I. 0.08 ml min ‘: curve 2. 0.8 ml min ‘. 

ied. It was shown (Fig. 5) that when the flow 
rate in the cell decreases from 0.8 to 0.08 ml 
min ’ the sensor demonstrates a more narrow 
linear dynamic range. This effect can be ex- 
plained by the differences between the diffusion 
rates for glucose and oxygen in the enzyme 
membrane. For high glucose concentrations 
nearly the same maximum sensor response cor- 
responding to the maximum rate of the enzy- 
matic reaction V, is reached. At low flow rates 
the reaction is limited by oxygen diffusion 
which is not at a sufficient concentration near 
the enzymatic membrane; thus a low value of 
the Michaelis constant K, is observed. K,,, val- 
ues correspond approximately to the substrate 
concentration giving the 1’,,/2 rate and reach 
about 1.5 mM. For higher flow rates the re- 
newal of oxygen is sufficient and a value for 
K,,, of around 4 mM is observed. which is 
closer to the values (4.5 mM) usually given for 
the immobilized GODicataIase system [lo]. 

the cell: curve 

4. Conclusions 

A glucose sensitive enzymatic thermal sensor 
based on a pair of commercial microthermal 
probes was prepared by cross-linking the corre- 
sponding enzymes (glucose oxidase and cata- 
lase) with bovine serum albumin on the sensor 
surfaces. Characteristics of the obtained sensor 
were tested in different conditions. To find the 
maximal sensitivity, the calibration curves of 
this sensor were measured in different buffer so- 
lutions, with and without the addition of H,O, 
to the samples at various sample flow rates in 
the cell. Different buffer solutions and hydrogen 
peroxide concentrations were used to realise the 
principles of a chemical and biochemical am- 
plification of the biosensor response. It was 
shown that the value of the biosensor response 
and its dynamic range increase in the presence 
of hydrogen peroxide and depend on the type 
of buffer solutions tested and the rate of the 
sample flow stream. 



In the future such a sensor could be integrated References 
into multimicrosensing devices for the simulta- 
neous measurements of physical and chemical 
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Moclobemide-selective membrane electrode and its 
pharmaceutical applications 

Raluca-Ioana Stefan”, George-Emil Baiulescu”, Hassan Y. Aboul-Eneinb.* 

Abstract 

A liquid membrane electrode prepared with moclobemide+dipicrylamine ion-pair complex. dissolved in nitroben- 
zene as solvent. was studied for analytical performance. The linear response covers the range IO “-IO-’ M 
moclobemide solution. with a slope of 50.7 mV decades-’ (pH range 3.5-8). The detection limit is 3 x IO-’ M. The 
electrode shows stability, good reproducibility and fast response. The selectivity of the electrode is good. There are 
two important interfering ions: mianserin and thiamine (Vitamin B, ), The compression excipients (such as Mg’*. 
starch, talcum powder) do not interfere. These characteristics of the electrode enabled it to be used for the 
determination of moclobemide in drugs and as an active substance. via indirect and direct potentiometric methods. 
Via an indirect potentiometric method moclobemide. as an active substance. can be determined with an average 
recovery of 99.96% and a relative standard deviation of 0.85”/88. and this method can also be used for its determination 
in drugs with a relative standard deviation of < 2%. The electrode is useful for the determination of the dissolution 
rate of moclobemide tablets. The physical processes are numerically simulated by typical equations. The apparent 
first-order rate constants for disintegration and dissolution were calculated. 

Kry~wrd.s: Moclobemide-selective membrane sensor; Pharmaceutical analysis; Potentiometric methods; Dissolution 
rate; Content uniformity 

1. Introduction 

The development of ion-selective membrane 
electrodes has been quickly followed by applica- 
tions not only in inorganic analysis but also in the 
pharmaceutical field [l-4]. From the analytical 
point of view they represent a favorable means for 

* Corresponding author. 

determining various ions owing to their ability to 
monitor selectively and continuously the activity 
of a particular ion in a solution. They can be used 
in kinetic studies [5]. resolution of reaction mech- 
anisms, biochemical and biomedical research. and 
flow-injection analysis. 

Moclobemide (MB). p-chloro-N-(I-morpholi- 
noethyl)benzamide. is widely used in the treat- 
ment of depression. 

0039-9140 96 Sl5.00 c: 1996 Elsrvier Science B.V. All rights reserved 
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Moclobemide 

The pharmacokinetics of moclobemide were 
studied [668]. The structure of moclobemide was 
confirmed by Wonters et al. [9]. The official stan- 
dard method for the assay of moclobemide is 
based on non-aqueous titration [lo]. In this paper. 
a method for the determination of moclobemide 
in pharmaceutical preparations is proposed. The 
method is fast and shows good reproducibility. 

2. Experimental 

The membrane electrode. based on a moclobe- 
mideedipicrylamine (DPA) ion-pair complex. was 
prepared by impregnating the support material (a 
graphite rod) as described elsewhere [l l] with a 
solution of 10 7 M ion-pair complex in nitroben- 
zene and attaching it to the end of a Teflon tube. 
When not in use, the electrode was kept in a 10 ’ 
M MB +DPA solution. 

2.2. Appurutus 

A Cole Parmer pH/mV meter was used for all 
direct potentiometric measurements. The elec- 
trode was used in conjunction with a Radiometer 
K401 calomel electrode. The titration curves were 
obtained by using an automatic titration assembly 
consisting of an ABU 12 autoburette, a TTT2 
titrator, and a SBR 2c recorder (Radiometer, 
Copenhagen, Denmark). The pH measurements 
were performed with a Radiometer G202 B glass 
electrode in combination with a Radiometer K401 
calomel electrode. The dissolution test was per- 
formed in a basket-stirrer USP-type apparatus 

UOI. 

Moclobemide and its pharmaceutical prepara- 
tions were supplied by the Institute of Chemical 
and Pharmaceutical Research. Bucharest. Other 
materials and the reagents DPA and nitrobenzene 
(NB) were obtained from Fluka (Buchs, Switzer- 
land). 

Solutions of moclobemide were prepared by 
serial dilution while keeping the pH constant (cit- 
rate buffer pH 4.5, 71.9 ml of 0.1 M sodium 
citrate solution and 29.1 ml of 0.1 M HCl solu- 
tion). A solution of DPA (10 ’ M) was prepared 
by dissolving 0.4390 g DPA and diluting it in 100 
ml of 5% Na,CO? solution. The standard solution 
of sodium tetraphenylborate (NaTPB). of concen- 
tration 5 x 10 ’ M, was prepared by dissolving 
17.1220 g of the compound in distilled water and 
diluting it to 1 1, which dilution factor was deter- 
mined using a chloroquine diphosphate standard 
substance. 

-7.4. I. Direct pottwtior~wtr~* 
Standard solutions of 10 ‘-10m6 M of pH 4.5 

(citrate buffer) were prepared by serial dilutions of 
a 10 ’ M solution of moclobemide. The electrode 
was placed in the stirred standard solutions and 
graphs of E (mV) vs. pMB were plotted. The 
unknown concentration is determined from the 
calibration graph. 

2.42 Poirn~ionwtric titmtiotl 
The electrode was placed in the sample solution 

(30-40 ml. concentration approximately 10-l M. 
containing 2 ml of 5 M HCl solution) and the 
solution was titrated with 5 x lo-’ M NaTPB. 
The end point corresponds to the maximum slope 
on the E (mV) vs. volume of titrant curve (1 .ml of 
5 x 10 ’ M NaTPB is equivalent to 13.4 mg of 
moclobemide). 

One tablet was placed in each of 10 separate 
100 ml beakers and dissolved by shaking with 
about 30-40 ml distilled water, in the presence of 
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2 ml of 5 M HCl solution. The solutions were 
titrated potentiometrically, as described above. 

2.4.4. Dissolution test 
The test was carried out according to the USP 

XXII method [lo], with the use of the equipment 
described elsewhere [12]. One tablet was placed in 
the basket, and the dissolution medium (250 ml of 
0.1 M HCl) was maintained at 37.0 i- 0S”C. The 
basket was rotated at 50 rev min- ‘. For the 
potentiometric determination, after an appropri- 
ate time interval (1 min) the potential values are 
recorded, and the amount of moclobemide is cal- 
culated from the calibration graph. In order to 
investigate all the important physical processes 
during the dissolution period, the release profiles 
were numerically simulated by typical equations 
[131. 

3. Results and discussion 

3.1. Electrode response 

The equation of the calibration graph is E = 
E” + 50.7 x log[MB] with a correlation coefficient 
of 0.9997. 

The response characteristics of the electrode are 
shown in Table 1. The stability of the electrode 
response was checked over a period of 8 months. 
The response time of the electrode depends on the 

E(mV) YS SCE 

c 
260 - 

240 _ 

220- \ 

200 - 180- i-3 l 

160 

Fig. 1. Effect of pH on the response of the moclobemide 
electrode (IO-’ M moclobemide solution). 

Table I 
Response characteristics for moclobemide-selective electrode 
(all values are the average of 20 determinations: all measure- 
ments made at 25°C) 

Parameter 

Slope (mV pMB ‘) 
Intercept, E” (mV) 
Linear range (M) 
Detection limit (M) 

Response 

50.7 f 0.8 

329.91 f 2.12 
]O-‘-]o- 6 

3 x lo-’ 

concentration of moclobemide (less than 1 min 
for 10-3-10m~” M moclobemide solutions and l- 
2 min for 10 5-10-h M moclobemide solutions). 
The electrode response displayed good stability 
and reproducibility over the test, as shown by the 
relative standard deviation values. 

3.2. EfJect of pH on the response of’ the electrode 

The effect of pH on the response of the poten- 
tial readings of the moclobemide was checked by 
recording the emf of a cell which contained 10 ’ 
M moclobemide solution at various pH values. 
which were obtained by the addition of very small 
volumes of HCl and/or NaOH solution (lo- ’ M 
or 1 M of each). The E (mV) vs. pH graph 
presented in Fig. 1 shows the pH independence in 
the range 3.5-8. 

At higher pH values, free base precipitates in 
the test solutions and consequently the concentra- 
tion of unprotonated species gradually increases. 
As a result. lower emf readings are recorded. At 
low values, the concentration of protonated spe- 
cies gradually increases and the emf is a function 
of pH. 

3.3. Selectitlitjl of the electrode 

Moclobemide has to be determined in pharma- 
ceutical dosage forms which contain various inor- 
ganic and organic substances. The effect of some 
of these matrices on the response of the electrodes 
was studied by the mixed solution method. The 
concentrations of interfering ions and moclobe- 
mide were lo-’ M and lop4 M respectively. 

The selectivity coefficients, presented in Table 2, 
indicated that the response of the proposed mem- 
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Table 2 
Selectivity coefficients for the moclobemide-selecttve mem- 
brane electrode (all values are the average of 20 determina- 
tions: all measurements made at 25°C) 

Interfering species Qz .J2 / 

Ephedrine 2.12 x IO-’ 
Pyridoxine (Vitamin B,) 4.19 x 10~ ’ 
Polyvinylpyrohdone 1.80 x 10 -’ 
Mg’ ’ 1.05 x IO- 1 
Thiamine (Vitamin B,) 8.10 X IO- ’ 
Mianserin 1.04 

brane electrode is highly affected by mianserin 
and thiamine (vitamin Bl). Excipients such as 
Mg’+, starch and talcum powder do not inter- 
fere. 

3.4. Anuf?~tical upplicutions 

The electrode proved to be useful for the assay 
of the moclobemide content of pharmaceutical 
formulations using the potentiometric titration 
method. The results obtained are given in Table 3. 
As can be seen, a high precision was obtained 
(RSD < 2%). 

Table 3 
Determination of moclobemide with a moclobemide-selective 
membrane electrode 

Product Sample Recovery (‘% of RSD 
nominal value)” (‘:i,)h 

Moclobemide I 100.00 0.85 
raw material 2 99.69 

3 99.89 

Moclobemide A’ I 99.21 1.05 
100 mg per tablet 2 98.20 

3 98.76 

Moclobemtde B’ I 99.98 1.03 
100 mg per tablet 2 99.41 

3 99.58 

,’ All values are the average of four determinations. 
h RSD (‘2L) refers to all I2 determinations. 
’ Moclobemide A represents a batch obtained with high pres- 
sure pastillation. 
’ Moclobemide B represents a batch of talcum powder-coated 
tablets obtained with lovv pressure pastillation. 

Moclobemide released (% ) 

Fig. 2. Dissolution profiles of moclobemide A and moclobe- 
mide B. All values are the average of SIX determinations. 

The results obtained by potentiometric titration 
of moclobemide raw material and moclobemide A 
and moclobemide B tablets were in good accor- 
dance with those obtained by potentiometric titra- 
tion in non-aqueous media [lo] with 0.1 N 
HCIO,: 99.20’%, 99.25”/1 and 99.40% respectively. 

The desirability of an in-vitro test that ade- 
quately reflects the physiological availability of 
solid dosage forms of drugs is now recognized. 
The measurement of a parameter that is related to 
the rate of dissolution of a solid has been sug- 
gested as a more realistic variable and this has led 
to numerous papers describing different methods 
and equipment for monitoring dissolution tests 
[13315]. 

The dissolution test was performed with a bas- 
ket-stirrer USP-type apparatus operated at 50 rev 
min ’ in 250 ml of 0.1 M hydrochloric acid 
(simulated gastric fluid) by the direct potentiomet- 
ric moclobemide membrane electrode method. 
The simulated gastric fluid was kept at 37.0 +_ 
0.5”C. The equation of the new calibration graph 
is E = 24.37 + 79 016.2 x c with a correlation co- 
efficient of 0.9078 (c is the moclobemide concen- 
tration in mole 1 -‘). 

Fig. 2 shows the dissolution profiles of mo- 
clobemide tablets. Taking into account the S 
shape of the curves, there are some possibilities 
for the simulation of physical processes involved 
in the dissolution steps. The release of the active 
principle of the uncoated tablets (moclobemide A) 
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in simulated gastric fluids follows the Langen- 
bucher model [16] (for high pressure pastillation, 
6 kgf cm-2) i.e. the dissolution process involves 
two main steps: an initial step of about 3 min 
during which there is a disintegration process 
followed by a rapid process of active principle 
dissolution. The Fick-Higuchi model is followed 
for talcum powder-coated tablets (moclobemide 
B) (low pressure pastillation. 3 kgf cme2): i.e. the 
dissolution process involves a rapid release of the 
active principle. All other simulation possibilities 
tested were found to be inadequate for the mo- 
clobemide tablets. A graphical method was pro- 
posed for the disintegration-dissolution analysis 
of cumulative percent dissolved vs. time data [5]. 
With the aid of this method, we can determine the 
pharmacokinetics of moclobemide tablets. The 
apparent first-order rate constants for disintegra- 
tion (k,) and dissolution (k,) respectively were: 
kd = 0.156 min ‘, k, = 0.394 min -’ for moclobe- 
mide A and k, = 0.778 min ‘, k, = 0.940 min ‘. 
for moclobemide B. In both cases, the dissolution 
process is more rapid than the disintegration pro- 
cess. There are no degradation products detected 
in the in-vitro test. The differences between the 
dissolution and disintegration rates are due to the 
different values of pressure utilized for manufac- 
turing the tablets. The compression excipients do 
not interfere. 

4. Conclusions 

The moclobemide-selective membrane elec- 
trode, based on the MB+DPA- ion-pair complex, 
exhibits useful analytical characteristics for the 
determination of moclobemide in pharmaceutical 
formulations. This is due to its good and repro- 
ducible response characteristics. These character- 

istics enable the electrode to be used in the 
quantitative analysis and determination of the 
dissolution profiles of moclobemide in its pharma- 
ceutical formulations. The advantage of the elec- 
trode technique for carrying out such a test is that 
the selective electrode can monitor continuously 
the concentration of the active ingredient in the 
standardized dissolution cells. 
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Abstract 

A method has been developed for the modification of a carbon fiber microcylinder electrode with acylation. The 
stability and surface coverage of the Toluidine Blue O-modified microelectrode were studied by cyclic voltammetry. 
The modified electrode showed significant activity for the electrocatalytic oxidation of NADH in pH 6.8-7.8 solution. 
The catalytic current increased linearly with increasing concentration of NADH from 4.0 x IO- ’ to 1.5 x lo-’ M. A 
simple amperometric determination based on electrochemical detection of NADH produced from the enzymatic 
reaction of lactate with NAD+ under the catalysic eflect of lactate dehydrogenase (LDH) is reported. The 
experimental factors which had primary influence on the analytical performance were studied. The sensor had a linear 
response over a range of LDH concentrations from 5.0 l-1 1-l to 200 U 1-I at -0.2 V vs. SCE under optimum 
conditions. A satisfactory result was obtained for the determination of LDH in clinical blood samples. 

Kq~trvds: Acylation: Amperometric determination: Carbon fiber microcylinder electrode: Lactate dehydrogenase; 
Toluidine Blue 0 

1. Introduction 

Many current works in the analytical field are 
devoted to chemically-modified electrodes and 
biosensors [1,2]. Some mediators have been fixed 
on the electrode surface by adsorption, electro- 
chemical polymerization or polymer coating to 
efficiently facilitate electron transfer and to de- 
termine some biomolecules [I -41. The irre- 
versible adsorption of commercial dyes on a 

* Corresponding author. 

graphite electrode is a simple method for prepar- 
ing modified electrodes [X5]. In order to incr- 
ease the stability of the modifying layer, Persson 
and co-workers [2,6,7] synthesized derivatives 
of Toluidine Blue 0 by introducing several aro- 
matic rings to enhance x-electron overlapping 
with the carbonaceous surface. However. at a 
microelectrode modified by irreversible adsorp- 
tion. no matter what the mediator is, even 
if it has a few aromatic rings, the stability 
of the modified microelectrode is very poor 
because of the high mass transport rate of 
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the microelectrode [8.9]. which makes the media- 
tor, and its product, diffuse rapidly away from 
the surface during the process of electrochemical 
reaction. Thus, the catalytic efficiency declines 
greatly. 

The application of carbon fiber microelectrodes 
(CFMEs) for electrochemical determinations has 
attracted great interest [8,9- 131. The preparation 
of modified CFMEs is usually done by using noble 
metal deposition [12], polymer coating [ 13.141 or 
covalent modification [I 51. On the surface of a 
carbon electrode, the process of covalent modifica- 
tion is usually done by acylation [16- 181. 
Hajizadeh et al. [18] have used a crosslinking 
agent --triisocyanate -to fix thionin on a graphite 
electrode by acylation. The method has also been 
used to immobilize enzyme at a CFME by using 
carbodiimide [ 19.201. However. to our knowledge, 
there has been no report until now of covalent 
modification by direct amidation with thionyl 
chloride at a CFME. In this work, Toluidine Blue 
0 (TBO) was covalently bonded to the surface of 
a CFME for the first time. The stability of TBO- 
modified CFME is very good. The modified elec- 
trode can effectively catalyze the oxidation of 
NADH at a carbon fiber microelectrode. 

The coenzyme NAD’ and its reduced form 
NADH are used by over 250 dehydrogenases. and 
play a major role in many biological redox reac- 
tions. The direct electrochemical determination of 
NADH, particularly in a small system, is very 
important in clinical medicine. The electrochemi- 
cal oxidation of NADH. whose normal formal 
potential is -0.56 V vs. SCE at pH 7.0 and 25°C. 
has been extensively studied at various modified 
electrodes [2,5,6.18,2 l--28]. Willner and Riklin [37] 
developed the amperometric sensors for NADH 
and malic acid by covalently linking pyrroloquino- 
linequione (PQQ) or PQQ and malic enzyme with 
1 -ethyl-3[3-(dimethylamino)propyl]-carbodiimide 
(EDC) and N-hydroxysulfosuceinimide sodium 
salt at a self-assembled cyteamine monolayer- 
modified Au electrode. Katz et al. [28] used cys- 
tamine and cysteamine to functionalize both Au 
and Pt electrodes and to covalently link PQQ with 
EDC; the modified electrodes can also catalyze the 
oxidation of NADH. However, little study of the 
direct electrochemical determination of NADH at 

a CFME has been reported. The electrocatalytic 
oxidation of NADH at a TBO- (and its deriva- 
tives) modified graphite electrode has been pre- 
sented by Persson and co-workers previously [2,6]. 
However. if the TBO-modified carbon fiber mi- 
croelectrode was prepared with their method, its 
stability was very poor [29]. Moreover, the deter- 
mination of lactate dehydrogenase (LDH) with a 
TBO-modified CFME has never been studied. 
Here we report on the use of a TBO-modified 
microelectrode in biosensors for the monitoring of 
LDH based on the determination of NADH. The 
results will be very significant for the monitoring 
of enzyme in a small clinical system and the 
development of microbiosensors. 

2. Experimental 

TBO (B.S. grade) was obtained from the 
Chroma Chemical Reagent Company (UK), the 
reduced form of nicotinamideeadenine dinucle- 
otide (NADH. >95%) and LDH (EC 1.1.1.27, 
Type XI. from rabbit muscle, 700 U mgg ‘) were 
from Sigma (USA). These reagents were directly 
used as received without further purification. The 
reagents used for making up 0.2 M pH 2212 
phosphate buffer solutions, thionyl chloride 
(SOCI,), and other reagents, obtained from chem- 
ical companies in The People’s Republic of China, 
were of analytical-reagent grade. Pyridine was 
redistilled with P,O, (8 g per 100 ml) and was 
stored over a 4 A molecular sieve activated at 
550°C. Water used in the experiment was doubly- 
quartz-distilled. Carbon fibers (PAN-type) with 
6-7 Llrn diameter were obtained from the Shang- 
hai Synthetic Fiber Research Institute. Epon 812 
epoxy resin (New York, USA) was used to seal the 
electrodes. 

2.2. Pwpurtr~ion of‘ TBO-nd[fifird CFME 

The method of fabrication of the CFME was 
similar to that given in a previous paper [9]. 
Briefly. a single carbon fiber was sealed in a glass 
capillary tube with epoxy resin. First, a CFME of 
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length 6-10 mm was washed thoroughly with 
acetone and distilled water in an ultrasonic bath. 
and pretreated electrochemically in 1.0 M H,SO, 
solution with a triangular-wave potential sweep 
from - 1 .O V to + 2.0 V at a scan rate of 200 mV 
s-’ for 50 min. Next, the treated electrode was 
washed with doubly-distilled water and dried in 
air, and immersed in SOCI, for 30 min. Then the 
electrode was rinsed with tetrahydrofuran (THF) 
to remove SOCIZ remaining on its surface. and 
dipped in anhydrous pyridine solution containing 
1.0 x lop3 M TBO for 15 min. During this process 
pyridine, as proton acceptor, deprotonated the 
oxidized TBO and gradually converted it into the 
imino form which reacted with the -COCl group 
on the electrode surface. Finally, the modified 
electrode was rinsed with phosphate buffer (pH 
7.0) and stored in the same buffer solution. 

2.3. Procedures 

Electrochemical measurements were carried out 
with a Model BAS- 1OOB Electrochemical Analyzer 
with a PA-l Preamplifier (Bioanalytical Systems 
(BAS), West Lafayette, IN) to amplify current and 
filter out noise and an FPG-310 Color Plotter 
(Fujitsu Company, Japan) to record the voltam- 
mograms. A type 501 thermostat (Shanghai, Peo- 
ple’s Republic of China) was used to control the 
experimental temperature at 20 f 0.1 “C. 

A three-electrode configuration with a saturated 
calomel electrode (SCE) as reference, Pt wire as 
counter and the above-modified electrode as work- 
ing electrode was employed. After deaerating with 
pure N, for 10 min, the electrochemical 
measurements were carried out under a nitrogen 
atmosphere. 

3. Results and discussion 

3.1. Cyclic L:oltummogrum of TBO-modl$ied 
CFME 

The cyclic voltammograms of the TBO-cova- 
lently-modified electrode in pH 7.0 buffer solution 
at a scan rate of 100 mV s- ’ showed a couple of 
cathodic and anodic peaks (Fig. 1). Their peak 

potentials were at - 276 mV and - 228 mV (E”’ = 
-252 mV, A&, = 48 mV) respectively. The peak 
potentials shifted slightly in a positive direction in 
comparison with those of soluble TBO at a bare 
carbon fiber microelectrode [29] and the change in 
the normal formal potential was about 29 mV. 
The small change was similar to that resulting 
from acylation found in the literature [16,30]. 
indicating that TBO on the electrode surface had 
been acylated. 

At the beginning of the cyclic voltammetric 
sweep of the TBO-covalently-modified electrode, 
the cathodic and anodic peak currents decreased 
rapidly, then dropped gradually to a constant 
value and remained at this value for a very long 
time (see Fig. 1). Furthermore, no change in peak 
current appeared after the modified microelec- 
trode had been dipped in pH 7.0 buffer solution 
for several weeks, indicating that the stability of 
the TBO-covalently-modified CFME was very 
good. However, the half life of TBO adsorbed on 
the CFME is only 55 min [29]. The better stability 
indicated that TBO was firmly fixed on the sur- 
face of the carbon fiber by a covalent bond. The 
decrease in peak current at the beginning of the 
sweep was due to the desorption of some ad- 
sorbed TBO. Because the differences in peak po- 
tentials of acylated TBO and adsorbed TBO, 

E/V(vsSCE) 

Fig. 1. Cyclic voltammograms of TBO-moditied microelec- 
trade in pH 7.0 phosphate butfer solution at 100 mV s ‘. 
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about 25 mV for the cathodic and 32 mV for the 
anodic peak, were small, only a single pair of 
peaks occurred, as shown in Fig. 1. 

The reactions in the process of TBO covalent 
modification can be described as follows. First 
of all, a lot of carboxyl groups were formed 
on the surface of the carbon fiber during 
electrochemical pretreatment [15,20], they were 
then acylated by the reaction between -COOH 
and SOClz to form -COCl groups under the 
usual conditions. Finally, these -COCl groups 
were amidated with TBO in the presence of 
excess organic base pyridine, as a proton 
acceptor, which removed the positive charge 
of TBO and converted it to the imino form. 
to form the amido link and to covalently 
bond TBO to the surface of the carbon fiber. 
Thus, this method of preparing a modified 
carbon fiber electrode can greatly enhance the 
stability. 

3.2. Surjkv concentration of TBO at mod$ed 
microrlrctrod~ 

The surface concentration I- of TBO can be 
calculated according to r = Q/nFA = S:‘nFAr, 
where Q is the charge consumed during complete 
reduction of TBO, S is the peak area of the cyclic 
voltammogram, and the other symbols have their 
usual meanings. At a microcylinder electrode with 
a geometric area A of 2.0 x 10 ’ cm -‘- the sur- 
face concentration rcxp was 3.4 x lo- ‘” mol cm ’ 
(n = 2). which was determined from the steady 
cyclic voltammogram at 100 mV s ’ in pH 7.0 
buffer solution. 

Given that the horizontal section area of 
methylene blue. which is of similar structure 
to TBO, is 0.75 nm’ [31], the theoretical 
mono-layer adsorbance Tlhcory of MB at an 
electrode is 2.2 x lo.-” mol cm-‘. Comparing 
I- rxp.TBO with rtheory.MB. TBO fixed on a 
carbon fiber surface was a monolayer due 
to the roughness of the pretreated carbon fiber 
surface, and almost the whole electrode sur- 
face was activated by electrochemical oxidation 
and acylation. 

] . . ..- ,..,........ . . . . . . . . . . . c 

cNno~ / xl O-’ mol I-’ 
1 1 I . 

+0.1 -0.1 -0.3 -0.5 
E/V(vs.SCE) 

Fig. 7. Cyclic voltammograms of TBO-modified electrode in 
pH 7.0 bufer solution ( ) and pH 7.0 buffer including 
1.0 x lo-’ M NADH ( ); inset: relation between catalytic 
peak current and concentration of NADH at L‘ = 100 mV SC’. 

3.3. Elrctrocatul~,tic osidution of‘ NADH ut 
TBO-rnod$rd curbon jibrr rlrctrodr 

This work showed that the TBO-modified elec- 
trode was able to catalyze the oxidation of 
NADH in pH 7.0 phosphate buffer solution via 
an electron transfer reaction between acylated 
TBO and NADH at the heterogeneous boundary 
layer. The experimental results are shown in Fig. 
2. When the buffer solution included 1.0 x lo-’ 
M NADH, the anodic peak current of the cyclic 
voltammogram increased, the cathodic peak cur- 
rent decreased, and the anodic peak potential 
shifted in a positive direction by about 60 mV, 
which is very characteristic of an electrocatalytic 
oxidation process. The shift resulted from the 
catalytic reaction between acylated TBO and 
NADH, which possibly changed the ratio of sur- 
face concentrations of oxidized and reduced forms 
of TBO and the electron transfer rate between the 
electrode and the TBO at the same potential. The 
catalytic mechanism can be expressed as follows: 

TBO,,, - 2e$TBO,, 
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NADH + TBO,, + TBO,,, + NAD’ 

The catalytic current i,,, ( = i2 - i, , where i, and i2 
are the anodic peak currents of the modified 
electrode in buffer without and with NADH re- 
spectively) of NADH increased linearly with in- 
creasing concentration of NADH from 4.0 x lo-’ 
to 1.5 x lop3 M (inset to Fig. 2) with a correla- 
tion coefficient of 0.992 and a relative standard 
deviation of 1.5% for six determinations with 
1.0 x 10-j M NADH. 

3.4. Efects of experimental conditions on 
catulytic peak current 

Fig. 3 shows the dependence of catalytic peak 
current on scan rate. At a high scan rate the 
catalytic peak current was proportional to L’ ’ :; 
however, at a lower scan rate the plots deviated 
from linearity. The catalytic current curve (broken 
line in Fig. 2) tended to a sigmoidal shape with 
the decrease of the scan rate. These are the char- 
acteristics of diffusion mass transport at a 
microelectrode. Considering that the peak poten- 
tial was independent of c, the electrode process 
was controlled by the diffusion of NADH in 
solution [ 13,321. Thus, the interfacial chemical 
reaction rate between bonded TBO and NADH 
was large, and the electrode process is similar to 

PH 

4 6 8 10 

I 
I I 1 I 

/ I 
350- 

-12b 

I* a 
0.2 0.3 0.4 0.5 0.6 9.7 0.8 

"l/Z/ ("s-l)'/2 

Fig. 3. Plots of catalytic peak current vs. r’ 2 at pH 7.0 ( ::) 

and vs. pH of solution at 100 mV s-’ (0). 

NAD+ 

- NAD+ v 
lactate 

LDH 

NADH -NADH pyruvate 

Fig. 4. Scheme of electrochemical response for LDH at a 

TBO-modified electrode. 

the direct electrochemical oxidation of NADH at 
the electrode. 

The catalytic peak current also depended 
greatly on the pH of the solution (Fig. 3). When 
the pH was low, the catalytic current was very 
small, and it increased with increase of pH. How- 
ever. when the pH was >7.8, the current de- 
creased with increase in pH. This phenomenon is 
similar to those described in Refs. [2] and [18], 
which resulted from both decomposition of 
NADH in acid solution and the rate of reaction 
between the TBO and NADH. With increasing 
pH the reaction rate and catalytic current de- 
creased [2]. However, when the pH was ~7, 
because the experiment was carried out after 
NADH was added to background for about 1 
min in order to stir and deaerate. part of the 
NADH would decompose, which resulted in the 
decrease of the catalytic peak current. NADH is 
stable in neutral and basic pH solutions and the 
concentration of NADH did not change with 
time. Therefore, the catalytic peak current was a 
maximum between pH 6.8 and 7.8. A pH of 7.0 
was used for the subsequent work [18]. 

3.5. Response qf‘ the nlodl$ed microelectrode to 
LDH 

When the pH 7.0 phosphate buffer solution 
included 1.0 x lo-’ M NAD’, or 1.0 x lo-” M 
NAD+ and L-lactate, both the anodic and ca- 
thodic peak currents of the cyclic voltammogram 
of the TBO-modified microelectrode did not 
change. This result indicated that NAD+ and 
L-lactate did not interfere with the electrode pro- 
cess of the TBO electrode. However, when the 
solution of 1 x 1OV M NAD+ and lactate in- 
cluded 100 U 1 ’ LDH, the cyclic voltammogram 
of the TBO-modified electrode showed the same 
change as in Fig. 2, indicating that LDH cata- 
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lyzed the oxidation of lactate with a simultaneous 
reduction of NAD+ to produce NADH. The 
formed NADH diffused to the electrode surface 
and catalyzed the electrode reaction of TBO. With 
increasing LDH concentration. the catalytic peak 
current increased, which is the basis for the 
determination of LDH. The overall reaction 
process can be seen in Fig. 4. 

3.6. Effect of experimentul conditions on the 
amperometric response to LDH 

In amperometric measurements, the potential 
dependence of LDH response (hydrodynamic 
voltammogram) in the range -0.6- +O.l V indi- 
cated that the amperometric response of the 
modified electrode to LDH started at -0.35 V. 
With the positive shift of applied potential, the 
response rose sharply up to -0.2 V, and then 
exhibited almost a constant value. An applied 
potential of -0.2 V was chosen for subsequent 
work. 

The effect of pH on the LDH response was 
very obvious. In the pH range 4-6.8, the amper- 
ometric response to LDH increased with increas- 
ing pH. The response remained constant at pH 
6.8-8.5, and then decreased when pH was >8.5. 
A wider pH range of stable response to LDH 
than to NADH occurs because the reaction of 
lactate and NAD+ under the catalysis of LDH is 
a process of releasing H+, and therefore a high 
pH is advantageous to the positive reaction. 
However, too high a pH would result in both the 
decomposition of NAD+ and the decrease of the 
reaction rate between NADH and mediator. 
Therefore, the amperometric determination was 
performed at pH 8.0. 

NAD+ concentration also affected the response 
of the modified electrode to LDH. At vari- 
ous LDH concentrations. all responses increased 
with increasing NAD+ concentration, and 
remained constant when the NAD+ concen- 
tration was larger than 1.0 x 10-j M, which 
was selected as an optimum condition. In order 
to quicken the catalytic reaction of LDH. an 
excess lactate concentration of 5.0 x lo-’ M was 
selected. 

3.7. Appliccltion of’ TBO-modiJed electrode in the 
meusurement of’ LDH 

Fig. 5 shows a typical trace of the steady state 
current-time response of the TBO-modified elec- 
trode at -0.2 V with successive injections of 
LDH (in 50 U 1-l steps). With the injection of 
LDH the response increased. and the time to 
reach constant response was very short (< 10 s). 
The calibration plots of amperometric response 
vs. the concentration of LDH (inset to Fig. 5) 
showed a linear relationship. The linear response 
range was from 5.0-200 U ll’ with a correlation 
coefficient of 0.990. The relative standard devia- 
tion of results was 3.2% for five successive deter- 
minations at 100 U 1-l. 

After a clinical human blood serum sample 
of 200 ~1 was injected into 1.8 ml pH 8.0 buffer 
solution including 1.1 x 10-j M NAD+ and 
5.5 x lo-’ M lactate for 30 s, the amperometric 
response of the TBO-modified microelectrode 
was used to assay the LDH content without any 
interference. The average value of three determi- 
nations with an interval of 8 h was 23 U ll’ 
(SD = 0.5) in the diluted solution. Thus, the con- 
tent of LDH in the human blood serum sample 
was 230 U lP ‘. The result was close to the value 
of 225 U l-~ ’ obtained by spectrophotometry 
(LDH-L method) at 340 nm wavelength. The 
advantages of the biosensor are that it has a 

- 

[Lh / (u / L) 

Fig. 5. Amperometric response to successive addition of 50 U 
I ’ LDH in pH 8.0 buffer including 1.0 x 10-l M NADH and 
5.0 x IO-’ M lactate with an interval of 1 min at -0.2 V. 
Inset: calibration curve of LDH at TBO-modified carbon fiber 
electrode. 
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shorter response time to LDH, it can detect LDH 
by a direct electrochemical method in a smaller 
system and it could potentially be used for in vivo 
and clinical analysis. 
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Review 

Basic aspects and applications of tristimulus calorimetry 

K.M.M. Krishna Prasad*, S. Raheem. P. Vijayalekshmi, C. Kamala Sastri 

Abstract 

A detailed account of the specification of colour using the 1931 Commission International de L’Eclairage 
tristimulus coordinates and subsequent colour spaces for the measurement of small differences in colour is provided 
along with a review of the application of quantitative parameters for the evaluation of colour changes of acid-base 
and complexometric indicators. The development of screened indicators to improve the quality of colour changes at 
the equivalence point is discussed. Various computer programs proposed to calculate the different parameters by 
different algorithms are reviewed. 

Kgwwcls: Colour specification: Computer programs; Indicators: Tristimulus calorimetry 

1. Introduction 

Colour is what we see [l]. The sensation that 
results when one looks at a coloured object de- 
pends upon the nature of the surrounding field 
and the nature of the field to which the observer 
has been previously exposed. Therefore, the fun- 
damental specification of colour must consider it 
as an inherent property of an object and must be 
based on objective measurements [2]. This specifi- 
cation of colour enables one to define it in terms 
of a set of physical operations. Consequently. the 
set of physical operations carried out to arrive at 
a physical quantity is considered as the definition 
of colour [3]. 

* Corresponding author. 

The visual stimulation that results when one 
looks at a coloured surface depends upon the 
character of the light by which the surface is 
illuminated. If a source of light is radiating energy 
confined within a narrow band of wavelengths 
such as the violet region of the spectrum, the 
surface will reflect only violet light. In other 
words. if a source is illuminated by light of sub- 
stantially a single wavelength it will reflect light of 
this wavelength. except in the case of materials 
that exhibit fluorescence. Even though it is known 
that green paint reflects green light more effec- 
tively than light of other wavelengths. it is possi- 
ble to make the green paint take on any hue of 
the spectrum, if suitably illuminated. However, 
when light of daylight quality, which is a mixture 
of all the components of the visible spectrum in 
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nearly equal proportions, falls upon the surface of 
the green paint, blue-greenish light is reflected 
into the eye of the observer. In the case of an 
individual colour. the wavelength of the spectral 
region with which that particular colour is most 
closely identified. when illuminated by daylight. is 
known as its dominant wavelength [4]. However. 
in the case of purple it is impossible to find a 
single region of the spectrum that simulates this 
colour and the observed dominant wavelength 
(from the spectral reflectance curve) is that of the 
green colour which is complementary to purple. 
where the complement of a colour is the colour 
that produces a neutral grey in an additive mix- 
ture of the two colours. 

Extensive investigations have been carried out 
to study the distrubution of energy (E,,) in day- 
light [5] by dispersing it into a spectrum by means 
of a prism. Each spectral region is then isolated 
and the amount of energy present in each region 
is determined from the reading of a sensitive 
temperature-measuring device, the surface of 
which has been blackened so as to convert the 
light energy into heat. From these studies a filter 
has been prepared which, when used with a tung- 
sten lamp operated at the proper temperature, 
provides a source that is a close approximation to 
the average daylight (which is considered as a 
mixture of sunlight and blue light from the sky on 
a clear day). A source having this distribution of 
energy was adopted as an international standard 
of illumination at a meeting of the International 
Commission of Illumination (Commission Inter- 
national de L’Eclairage; CIE) in 1931 [6]. This 
standard source is usually denoted I.C.I. illumi- 
nant C. Two other standards, designated illumi- 
nant A and illuminant B, were also adopted at the 
same meeting. Illuminant A represents a source 
having an energy distrubution similar to that of a 
gas-filled tungsten lamp, whereas illuminant B is 
an approximate representation of mean noon sun- 
light. Illuminant B is slightly yellower than illumi- 
nant C and has an energy distribution 
intermediate between those of illuminants A and 
C. The characteristics of these three standard 
illuminants are given below [7,8]. 

I. I. Illuntitun t A 

Illuminant A is a tungsten lamp operated at a 
temperature of 2800 K. 

1.2. IllutrGxtnt B 

Illuminant B utilises a lamp having the spectral 
quality of illuminant A in combination with a 
filter. The filter consists of 1 cm thick layers of 
each of the solutions B, and B,. These solutions 
are in a double cell constructed of optical glass. 
The composition of each solution is as follows. 

Solution B,: copper sulphate (CuSO,.SH,O), 
2.452 g: mannite [C,H,(OH),], 2.452 g; pyridine 
(C,H,N), 30.00 ml, distilled water to make up to 
1000.0 ml. 

Solution B,: cobalt ammonium sulphate 
[COSO,(NH~)~SO~.~H~O], 21.71 g; copper sul- 
phate (CuSO,. 5H,O), 16.11 g; sulphuric acid 
(density 1.835 g cm ~ ‘), 10.00 ml, distilled water 
to make up to 1000.0 ml. 

1.3. Illuttiinunt C 

Illuminant C consists of a source having the 
spectral quality of illuminant A in combination 
with a filter. An identical cell is used but the 
solutions C, and C2 have the following composi- 
tions. 

Solution C,: copper sulphate (CuSO,.SH,O), 
3.412 g; mannite [&H&OH),]. 3.412 g; pyridine 
(C,H,N). 30.00 ml. distilled water to make up to 
1000.0 ml. 

Solution C,: cobalt ammonium sulphate 
[CoSO,(NH&SO,.6H,O], 30.580 g; copper sul- 
phate (CuSO,. 5H,O), 22.520 g; sulphuric acid 
(density 1.835 g cm-j), 10.00 ml, distilled water 
to make up to 1000.0 ml. 

The spectral energy distributions of the three 
standard illuminants A, B and C, as adopted by 
the C.I.E.. are taken from the consolidated study 
of Judd [3.4]. 

The question to be considered now is how light 
with a known distribution of energy will stimulate 
the eye of an observer. Even though no two 
observers respond in the same manner to a stimu- 
lus, the differences are very small except in the 



case of observers with colour blindness [9]. Nor- 
mally. an observer exposed to light of a known 
spectral quality cannot describe the sensation that 
it produces in absolute terms but only in terms of 
reference to some other visual sensation. Such a 
reply is not a description of the sensation but it 
does provide information that another stimulus 
evokes the same sensation. The analogy suggests 
the possibility of evaluating a colour in terms of 
certain standard or primary stimuli. However, it is 
already known that the sensation of any colour 
stimulus on the observer’s eye can be duplicated 
by mixing light from three primary sources in the 
correct proportions. This can be achieved with the 
help of an optical instrument containing a suitable 
photometric field of view [6]. The light whose 
colour is to be matched is introduced into one 
half of the field and the light from the three 
sources is introduced in controlled amounts into 
the other half. By manipulation of the controls. a 
setting can be found where an exact colour match 
between the two halves of the field is obtained. 
For any given colour there is one setting for each 
of these controls that will produce a match. By 
calibrating the controls, the amount of each pri- 
mary can be recorded. The unknown colour can 
then be specified by three numbers X, Y and Z. 
These numbers are known as the tristimulus val- 
ues and each number represents the amount of 
one of the primary stimuli. The tristimulus values 
for any colour can then be obtained by the exper- 
imental work of an observer on a properly desig- 
nated optical instrument [5]. When the same 
experiment is carried out by another observer for 
the same colour, the tristimulus values obtained 
are slightly different from the values reported by 
the earlier observer even though neither of the 
observers can be classed as colour blind. The two 
specifications may differ slightly because of the 
individual characteristic nature of the observers in 
obtaining the exact colour match by mixing the 
three primaries. This has led to the comparison of 
inter-laboratory experimental data of different 
groups of observers. However, the combination of 
the basic colour mixture data from a large group 
of carefully selected observers and spectrophoto- 
metric data resulted in a method to compute the 
average tristimulus values for any test sample. 

Since the readings obtained with a spectrophoto- 
meter are independent of the peculiarities of an 
observer’s eye, this procedure provides a basis for 
the specification of colour in terms of the average 
chromatic properties of an internationally ac- 
cepted group of observers. 

Initially. it is essential to determine the chro- 
maticity values of radiation of different wave- 
lengths with standard observers using a simple 
optical instrument (calorimeter). One half of the 
photometric field of the calorimeter is illuminated 
by a measured quantity of light of approximately 
a single wavelength, for example 400 nm. Then 
the observer determines the amount of each of the 
three primaries required to colour-match both 
halves of the field. These amounts of the primaries 
are the tristimulus values for this quantity of light 
of this wavelength [6]. The wavelength of light is 
then changed to 410 nm. Again a colour match is 
made and the tristimulus values are recorded. 
This process is continued until the entire visible 
spectrum has been examined. Experiments of this 
sort were carried out by a number of researchers 
and the results obtained by them were summa- 
rized and published in a convenient form by the 
Colorimetry Committee of the Optical Society of 
America [2]. After the publication of these data, it 
became feasible to base tristimulus specifications 
on spectrophotometric data. In this way the un- 
certainties associated with the calorimeter can be 
avoided and the spectrophotometer can be used to 
determine the tristimulus values. However, Wright 
[IO] and Guild [1 I] independently redetermined 
the fundamental data employing a number of 
carefully selected observers. The primaries em- 
ployed in the experimental study of Wright [lo] 
are spectrum colours and their wavelengths are 
650, 530 and 460 nm. However, Guild [1 1] chose 
red. blue and green primaries in his investigations. 
When the results of these two investigators were 
reduced to a comparable basis, it was discovered 
that their data were in extraordinary good agree- 
ment with each other and also in good agreement 
with Optical Society of American data [2]. In 
1931, the CIE undertook the task of bringing out 
an international standard procedure for the evalu- 
ation of tristimulus values for the pure spectrum 
colours. The tristimulus values that were adapted 
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by the CIE using good experimental techniques 
and a number of observers for various spectrum 
colours are presented at intervals of 10 nm [2]. 

The tristimulus values (.?, F. f) of the pure spec- 
trum colours indicate the amount of each of the 
primaries that is required to colour-match a unit 
quantity of radiant energy of the various wave- 
lengths. The value of X represents the amount of a 
primary which is a reddish purple of higher satu- 
ration than any obtainable colour having this hue. 
The value of j represents the amount of a green 
primary considerably more saturated than the 
spectrum colour whose wavelength is 520 nm. The 
value of ? represents the amount of blue primary 
that is considerably more saturated than the spec- 
trum colour whose wavelength is 477 nm. 

repeated at other wavelengths. The summation of 
the product values for each of the three primaries 
results in three chromaticity values (X, Y, 2) for 
that colour and can be represented mathemati- 
cally as follows [12]: 

700 nm 
X = 1 E,S TA;. 

3x0 nm 
700 “In 

Y= 1 E,,JTAi 
1x0 nm 
700 nm 

Z = c E,,:TAi. 
3x0 nm 

The tristimulus values of the spectrum colours 
at different wavelengths, with 10 nm intervals. 
that were adapted by the International Commis- 
sion on Illumination are presented in Table 1. 
This provides the necessary data for evaluating a 
stimulus that is equivalent to the given sample 
when the latter is illuminated by light having the 
spectral quality of illuminant C and is viewed by 
the standard observer. 

Table I 

Tristimulus valuea of pure spectrum colours 

2. Determination of tristimulus values 

The tristimulus values of a test sample can be 
determined by adopting two equivalent proce- 
dures which are denoted “weighted ordinate 
method” and “selected ordinate method”. 

The tristimulus values of the test sample can be 
determined by multiplying the transmittance at a 
particular wavelength by the product of the en- 
ergy and tristimulus value of that wavelength 
followed by the summation of these values corre- 
sponding to each primary. Once the spectrum of 
the sample whose chromaticity values are to be 
determined is available, the procedure tends to be 
the multiplication of the transmittance at a partic- 
ular wavelength by the E,,.T, &J and E,,: values at 
that wavelength and the same procedure is also 

Wavelength (nm) \' 

400 0.0143 

410 0.0435 

420 0.1344 

430 0.7839 

440 0.3483 

450 0.336' 

460 0.2908 

470 0.1954 

480 0.0956 

490 0.0320 

500 0.0049 

5 I II 0.0093 

5'0 0.0633 

530 lJ.1655 

54U 0.2904 

55U 0.4334 

560 0.5954 

570 0.7611 

580 0.9163 

590 1.0263 

600 I.0612 

610 I.0016 

620 0.8544 

630 0.6414 

640 0.4479 

650 0.2835 

660 0.1649 

670 0.0874 

680 0.0468 

690 0.0117 

700 0.01 I4 

0.0004 0.0679 

0.0012 0.2074 

0.0040 0.6456 

0.0116 1.3856 

0.0130 I.7471 

0.0380 I.7721 

0.0600 1.6692 

0.0910 1.2876 

0.1390 0.8130 

0.2080 0.4652 

0.3130 0.1720 

0.5030 0.1582 

0.7100 0.0782 

0.8620 0.0412 

0.9540 0.0203 

0.9950 0.0087 

0.9950 0.0039 

0.9520 0.0021 

0.8700 0.0071 

0.7570 0.001 I 

0.6310 0.0008 

0.5030 0.0003 

0.3810 0.0007 

0.1650 0.0000 

0.1750 0.0000 

0.1070 0.0000 

U.06lU 0.0000 

U.0321~ 0.0000 

0.0170 0.0000 

0.0082 0.0000 

0.0041 0.0000 

(1) 

(2) 

(3) 
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2.2. Tristimulus ~rlues obtuined 6). the selected 
ordinute method 

In the weighted ordinate method a summation 
is made of the values of E,nT. E,,JT and E,fT at 
wavelengths equally spaced throughout the visible 
region, i.e. Ai. is constant. However, in the se- 
lected ordinate method, the wavelength intervals 
are unequal and are chosen so as to give constant 
E,xAi, E"yAi. and E,,zAi. values. The integration 
process in this procedure is effected by making a 
summation of transmittance values at median 
wavelengths of each of these wavelength intervals. 
The three sums are multiplied by factors which 
are proportional to the constants, E,xA/,. 
E,vAj. and E,zAi. The values of the wavelengths 
at which the transmittance values are measured 
are known as selected ordinates. The mode of 
calculation using 100, 30 and 10 selected ordinate 
methods has been described by Hardy [2]. The 
values of the ordinates (median wavelenghts) for 
the three standard illuminants A, B and C are 
tabulated [2]. In addition, the factor values used 
to multiply the summation of the transmittance 
values to obtain tristimulus values are mentioned. 
The selected ordinate method reduces the process 
of determining the tristimulus values to mere ad- 
dition of transmittance values, whereas the 
weighted ordinate method involves many multipli- 
cations followed by summation. 

In the present investigation the weighted ordi- 
nate method is adopted for the evaluation of 
chromaticity coordinates. 

2.3. Chromaticit~~ diugranl 

In order to understand the relationship between 
the various colours a graphical representation of 
the tristimulus values has been proposed. It was 
found that this would require a three-dimensional 
coordinate system which is not practicable. There- 
fore the coordinates denoted by trichromatic co- 
efficients as 

x 
9=X+ YfZ 

Y 
)‘=x+ YfZ 

i:i u.,------/ , / 00 
0 01 02 03 OL 05 06 0.7 x 

Fig. 1, Chromatlclty diagram showing that thr green (G) may 

be regarded as a mixture of illuminant (C) and a spectrum 

colour having a wavelength of 506 nm and (R) is the colour 

point of a red colourant. 

and 

Z 
:=x+ y+z (6) 

are used for convenient representation of chro- 
maticity in a two-dimensional diagram as shown 
in Fig. 1. Among the coordinates z is dependent 
on .\T and .r and so only .Y and .t’ need to be 
considered for the description of the sample 
colour. However, the trichromatic coefficients (co- 
ordinates), used to denote true colour points on 
the chromaticity diagram are 

c~,,.f~Ai. 
I= CE,.TTAL + CE,,~;TA;.+ CE,,~TA~ (7) 

cE$TA/. 
'= c~,.fTAi + ~E,,~~TA~.+~E,JTA/, (9) 

The curve (Fig. 1) represents the locus of all the 
spectrum colours and the points on this curve are 
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trichromatic coefficients which are calculated 
from the trichromatic values of pure spectrum 
colours. The trichromatic coefficients for stan- 
dard illuminant C are s = 0.3 101 and J’ = 0.3163 
(Fig. 1). 

A chromaticity diagram is of immense value 
especially when more than one coloar exists in 
the form of a mixture. If R and G represent red 
and green on the chromaticity diagram, then the 
point corresponding to an additive mixture of 
these two colours will always lie on the line 
joining R and G, regardless of the proportion in 
which these colours are mixed. 

All real colours lie within the area enclosed by 
the solid line, since every real colour can be 
considered to be a mixture of its spectral compo- 
nents in various proportions. All the real colours 
lying both within the solid line and above the 
broken lines in Fig. 1 can be considered as a 
mixture of standard illuminant C and spectrum 
light of a certain wavelength. Consequently the 
colour point G can be treated as a mixture of 
standard illuminant C and spectrum light having 
a wavelength of 506 nm. This wavelength is 
known as the dominant wavelength. Since the 
green lies on a line which terminates as a pure 
spectrum colour at one end and at the illuminant 
point at the other end, the sample is not so pure 
a green as the corresponding spectrum colour. 
The ratio of the distances of the sample point 
and the pure spectrum point from the illuminant 
point is denoted as the purity of the sample. The 
numerical procedure proposed by Judd [13] for 
the calculation of the dominant wavelength is 
adopted in the present investigation. 

As the three-dimensional coordinate system of 
representation of chromaticity is reduced to a 
two-dimensional system, the colour space is non- 
uniform. Judd [14] suggested the possibility of 
constructing chromaticity diagrams in which ap- 
proximately equal distances separate points repre- 
senting all pairs of equally bright colours which 
are just noticeably different under certain spe- 
cified conditions of observation. Methods for the 
transformation of CIE coordinates into other co- 
ordinate systems were pursued by MacAdam 
[15.16]. Breckenridge and Schaub [17] proposed a 
coordinate system called the rectangular uniform 

chromaticity scale (RUCS) in which the first 
quadrant contains only greens, the second blues, 
the third purples and the fourth reds and yellows. 
General transformation equations for changing 
coefficients into RUCS (u, V) coordinates are 
given by 

u= 0.075 - 0.832(s 1’ 1) 
+ - 

1.0s - 7.05336>, ~ 1.64023 
(10) 

3.6970s - - 1.36896 
v= 5.07713~~ -0.5 

1.0s - 7.05336~ - 1.64023 (11) 

The reverse transformation equation, i.e. conver- 
sion of RUCS coordinates into CIE coordinates, 
was also proposed by these authors. 

Measurement of the colour difference repre- 
sented by two points on the chromaticity diagram 
is not feasible because equal distances between 
two points do not represent the same amount of 
colour difference at different locations in the 
chromaticity diagram. MacAdam [ 181 studied this 
factor and represented the experimental results in 
the form of 25 ellipses in the chromaticity dia- 
gram. In each for these ellipses every line from 
the centre to any point on the periphery of the 
ellipse represents approximately 100 chromaticity 
steps just noticeable by the eye of an observer. 
The determination of a unit standard deviation 
for colour matching (AS), was suggested by 
MacAdam [19] using the emperical relation 

AS = [g,,(Ax)‘+ 2g,,(Ax-)(A>*) +g21(A.r)2]“1 (12) 

in which g, ,, 2g,, and g2? were determined from 
the contour diagrams and Ax and A), indicated 
the numerical differences between the coordinates 
of two neighbouring colour points whose colour 
difference is being measured. 

The CIE recommended a colour space denoted 
as CIE Lu*v* to promote uniformity of practice 
in the evaluation of colour differences [20]. This 
colour space is produced by plotting the quanti- 
ties L, u*, r* in rectangular coordinates and 
which were defined as 

L=116(Y’Y,,)‘“-16 (13) 

u* = 13L(zr - u,,) (14) 

I’* = 13L(I% - PO) (15) 



where the values of ~1, r, ~4,, and v,, were given as A’= 1’4(.~#~,+ l/6)’ 3 ! :_ 

and 

(24) 

4x 9Y 
IA= 

x-t 15y+ 32 
and I’ = 

x+ 15y+ 32 
(16) 

4X 
L4” = x,, + 1.5 Y,, + 3z,, 

and 

9 Y,, 
1”) = x,, + 15 Y,, + 3z,, 

(17) 

In the expressions for u,, and v,~, the values of 
X,,. Y,, and Z,, are tristimulus values of the stan- 
dard illuminant C (X,, = 98, Y,, = 100 and Z,, 
= 118) and the coordinates (u. L.) are the sim- 
plified transformation to the perceptually more 
uniform chromaticity spacing (PMUCS) as rec- 
ommended by CIE [5.21]. The total colour differ- 
ence AE*(CIE Lu*c*) between two colours. each 
given in terms of L, II*. I.*, is calculated from 

AE*CIE(Lu*r*) = [(AL)’ + (Au*): + (At*)‘]’ 2 
(18) 

Another uniform colour space (CIE Lu*h* 
1976) [22,23] recommended by the CZE Color;- 
tnentr~~ Conmittrf Working Progrunt on Colour 
D@wmw is produced by plotting the quantities 
L, LI*. h* in rectangular coordinates which are 
defined as 

L= 116(Y/Y,,)‘3- 16 (13) 

u* = 5OO[(X/X,,)’ i - ( Y, Y),)’ ‘1 (19) 

h* = 200[( Y/Y,,)’ i - (Z/Z,,)’ 31 (20) 

The total colour difference AE* CIE Lu*h be- 
tween two colours each given in terms of L, cl*. 
h* is calculated from 

AE*CIE(Lcl*h*) = [(AL)’ + (Au*)~ + (Ab*)‘]’ ? 
(21) 

Richter [24] suggested a new uniform colour space 
LABHNU 1977 whose coordinates were obtained 
from the expressions: 

L=116(YIY,,)“-16 (13) 

A* = 500(‘4- A;,)I” i (22) 

B* = 500(B’ ~ B;,) Y’ 1 (23) 

where 

B’= - 1:12(: j’+ 116)’ ’ (25) 

2.4. Cottydtvtwntur~~ tristitmilus colorimrtr~~ 

The procedure described for specifying colours 
by tristimulus calorimetry is applicable for char- 
acterisation of additive colours only. However, in 
the case of chemical indicators, subtractive 
colours are involved. Moreover. the concentration 
of the indicator and the presence of other col- 
orants influences the final colour of a solution in 
a complicated way. This difficulty arises because 
the intensity of the light leaving the titration 
vessel is related to the concentration in an expo- 
nential manner in accordance with Beer’s law. 
Consequently. the simple treatment of additive 
colours is no longer applicable to evaluating the 
quality of colour change of indicators. 

In view of the above, Reilley et al. [25] resorted 
to the application of complementary tristimulus 
calorimetry for the characterisation of the color 
quality of indicator transitions. The “complemen- 
tary tristimulus coordinates” (Q,. Q,. Q=) are 
calculated by following essentially the same proce- 
dure adopted in the case of tristimulus coefficients 
(coordinates), but the transmittance value is re- 
placed by the absorbance value (A) in these calcu- 
lations. The complementary tristimulus 
coordinates can be represented as 

IE,,.\--AA/~ 
Q\ = CE,,S,~ di. + CE,,FAA~; + CE,,:AA~ (‘@ 

CE,,i;A Ai, 

Ql = CE,,,~A~. + CE,,~AK + CE,,IAU 
(27) 

CE,,:A A;. 

” = CE,,sAA;. + CE’,TAAi + xE,,IA Ai. 
(28) 

The relationship between the tristimulus coordi- 
nates and the complementary tristimulus coordi- 
nates is derived and presented as follows: 

Pr=G,.-J(Q,-G,.)-J’(Q,.-G,.+Qf) (29) 



where P,. (where I’ = 1, 2 and 3 implies s. ~3 and z) 
is the true colour point and Q, is the complemen- 
tary colour point, G,. is the illuminant point. Qy is 
a measure of the dichromatistic tendency of the 
colour system and J is the optical concentration 
which is a product of the concentration (c) and the 
total absorptivity of the colour system (E). 

The complementary colour point Ql specifies the 
colour of a subtractive colour system in a concen- 
tration-independent way, whereas the true colour 
point is concentration-dependent and moves from 
the grey point to the periphery of the chromaticity 
diagram as the concentration increases. Since the 
complementary colour point is related to the light 
absorbed by the solution, this point will be located 
in the chromaticity diagram at a place correspond- 
ing to the complementary colour of the true colour 
point. However, the coordinates of the illuminant 
point (grey light) are the same and are indepen- 
dent of the colour system. 

Eq. (29) was further simplified by introducing 
two other quantities, namely VV and W,, which are 
sufficient to describe a dilute colour system fully 
and are given by 

V,. = (I,- - G, (30) 

W,.= I’,.-Q:’ (31) 

The expression for the true colour point in terms 
of these quantities can be written as 

P,-=G,.-JV,.-J’W, (32) 

This equation is used as a unified basis for the 
interpretation and calculation of colour phen- 
emona, such as designation of colour change, 
quality of the end points and screening of the 
indicators. 

2.5. Detrrrnination qj’ quality of co/our change 

The overall quality of colour change of an 
indicator at the end point is a composite function 
of two factors, namely (1) the chemistry of reac- 
tion which governs the colour change and (2) the 
colour phenomena in the solution and their rela- 
tion to the observing eye. The latter problem is 
much more complex because it involves physiolog- 
ical and psychological parameters. 

In order to solve this problem Reilley et al. [25] 
took advantage of the numerical characterisation 
of the colour of the indicator by complementary 
tristimulus calorimetry to evaluate the quality of 
colour change of the indicator. Since any colorant 
has fixed complementary tristimulus coordinates 
on the chromaticity diagram, the distance between 
the two points of the titrant solution before and 
after the end point is considered as a quantitative 
measure of the quality of colour change of the 
indicator used in this titration. The longer the 
distance between the two points, the better will be 
the quality of colour change at the end point. 
However, the distance alone is not adequate, as 
the location of the points in the diagram is also 
important. Besides these two factors, the greyness 
should also be considered. 

Let QV,b and QV.,, represent the complementary 
colour coordinates of an indicator before and after 
the end point. The quality of the colour change at 
the end point is considered to be good if the 
distance between the points is considerable. Also, 
if the line traverses through the grey point and 
extends beyond it, the quality of colour change is 
better still, because a grey (colourless) region ap- 
pears during the transition of the indicator from 
one colour to another at the end point and pro- 
vides a better memory factor. 

For a set of indicators the quality of their colour 
change at the end point can be compared on a 
quantitative basis from the measured value of the 
distance between complementary colour coordi- 
nates before and after the colour change of the 
respective indicators. Such comparison is worth- 
while only when all the corresponding lines joining 
the Qr,h and Qr,, coordinates of the set of indica- 
tors are lying in the same location of the chro- 
maticity diagram. Only when the length, location 
and direction of the line joining Ql,h and Q,-., are 
the same for two different indicators is the quality 
of colour change for these two indicators consid- 
ered to be equal. Therefore, the point to be made 
in the study of chromatic differences is that equal 
distances do not represent the same quality of 
colour change at different locations in the chro- 
maticity diagram. 

Bhuchar et al. [26] studied this factor and 
utilised the RUCS coordinates (U, V) in accor- 



dance with the transformation recommended by 
Breckenridge and Schaub [ 171 (Eqs. ( 10) and 
(1 l)), to calculate a parameter called the specific 
colour discrimination (SCD). which is defined as 
the average number of colour discrimination steps 
for an acid-base indicator for one pH unit. It can 
be obtained from the relationship 

SCD = L x 1ooo [(U, - I!,)’ + ( v, - V,)‘]’ 7 
3 PHI - PH, 

(33) 

in which (U,, V,) and (U,, V,) are the RUCS 
coordinates at the pH values pH, and pH2. This 
relationship can be expressed in a simplified way 
as 

A0 
SCD = ; x 1000 x ~ 

APH 

The parameter SCD is correlated with the unit 
standard deviation for colour matching (AS) val- 
ues of MacAdam [ 191 ellipses (Eq. ( 12)). using the 
data of several phthalein and sulphonephthalein 
indicators, (phenolphthalein, cresolphthalein, thy- 
molphthalein, Phenol Red, Cresol Red, Thymol 
Blue and Congo Red), by plotting SCD vs. AS. 
The slopes of the straight lines obtained for all the 
studied indicators are found lo be unity, indicat- 
ing a correlation between these two parameters. 
Therefore the numerical value of SCD at the pH 
of maximum colour change (pH,,,,) is taken as 
the quantitative measure of the quality of colour 
change. The half bandwidth of the SCD vs. pH 
peak is inversely proportional to the rapidity of 
the colour change. This study of Bhuchar et al. 
[26] enabled comparison of the quality of colour 
change of a series of acid-base indicators and the 
rapidity of colour change at the end point. 
Bhuchar and Agarwal [27] synthesised two sul- 
phamphthalein indicators, namely phenol sul- 
phamphthalein and o -cresol sulphamphthalein, to 
evaluate the colour change in terms of SCD, 
which is determined from RUCS coordinates and 
PMUCS coordinates (Eq. (16)). in order to com- 
pare this parameter with the CIE La*b* 1976 
parameter. From the results. it was concluded 
that AE* CIE La*b* (Eq. (21)) appears to have 
the same significance as AS. the unit standard 
deviation for colour matching (Eq. (12)). It is 
further stated that CIE La*h* recommendations 

are preferred over the RUCS or PMUCS modes 
of calculation. No matter how the numerical val- 
ues of the pH of maximum colour change, the 
half bandwidth of the change of SCD in pH units 
and the SCD value would hold true. The graphs 
drawn between c1* and b* (Eqs. (19), (20)) are 
presented to clearly visualise the transition of the 
indicators, since the origin in this plot is the 
illuminant point (grey). 

Cache et al. [28] proposed another parameter, 
based on the optical concentration J, to evaluate 
the equality of colour change of indicators in 
aqueous medium. The progress of optical concen- 
tration values of acid-base indicators, such as 
o-cresolphthalein, thymolphthalein, phenolph- 
thalein, phenol red, crespol red, thymol blue and 
congo red, with change of pH is shown by plot- 
ting AJiApH vs. pH. From the value of AJjApH 
at the pH of the maximum colour change, the 
quality scale of these indicators in the alkaline 
region is proposed in descending order as 
cresolphthalein > thymolphthalein > cresol red > 
thymol blue > phenol red > congo red > phe- 
nolphthalein. This order of quality of colour 
change is the same as the one proposed by 
Bhuchar et al. [26], indicating that the behaviour 
of the parameter AJjApH is similar to that of 
SCD. A similar parameter has been utilised for 
evaluation of colour changes of complexometric 
indicators in the titration of calcium with EDTA 
[28]. 

Martinez Calatayud et al. [29] ignored this 
parameter because in most cases two peaks are 
obtained in the graphs AJ/ApH vs. pH, causing 
gross errors in calculating the pH of maximum 
colour change. It is also concluded that the total 
colour difference AE* is the most uniform 
parameter because of its linear behaviour with 
respect to the standard deviation of colour match- 
ing (AS). Fernandez and Guzman Chozas [30] 
stated that the total colour difference AE* CIE 
La*b* and the parameters of SCD are adequate 
for describing a colour change because the CIE 
Lu*b* parameters are linearly related to the 
LABHNU parameters. 

Kotrly and Vytras [31] proposed a method for 
the calculation of the optimum concentration of 
an indicator in a particular titration by plotting 



the parameter ApH:‘AE* (index of colour change 
perceptibility) against log CC,), where C is the 
indicator concentration used for the calculation of 
the particular chromaticity transition and C, is 
the experimental value of the indicator concentra- 
tion. The value of the concentration C at the 
minimum of this curve is taken as the optimum 
concentration of the indicator in the titration. 
Reilley and Smith [32] proposed an expression for 
the determination of the equilibrium constant of 
the indicator pK, using complementary tristimu- 
lus coordinates, which is expressed as 

pK<,=pH-log~;“$;)e; 
I rB B 

where Q,- is the complementary colour point, and 
(Q)A and (Qr), are the chromaticity coordinates 
of the indicator at the pH mentioned in the above 
equation in acidic and base media respectively. 
Flaschka [33] also reported a similar equation for 
the determination of pK, which includes the opti- 
cal concentration (J) term also. 

2.6. Specificution of colour chunges of‘ 
complexometric indicators 

The parameters described for specifying the 
colours and colour differences in accordance with 
tristimulus colorimentry are determined at differ- 
ent CL/C, (ratio of the concentrations of ligand 
to metal ion) values for the evaluation of quality 
of colour change of indicators, in order to give an 
objective basis for indicator selection in complex- 
ometric titrations. 

The 1931 CIE parameters (x, y), the RUCS 
coordinates (o’, V), the dominant wavelength (&) 
and the purity (p,) were used to evaluate the 
quality of colour change of indicators such as 
xylenol orange, methyl thymol blue, pyrocatechol 
violet, pyrogallol red and bromopyrogallol red, in 
the titration of lead (II) with ethylene diaminete- 
traacetic acid (EDTA) by Kotrly and Vytras [34]. 
Methyl thymol blue is recommended as the most 
suitable indicator for this titration, since its colour 
transition curve passes very close to the grey 
point. A study with the involvement of the CIE 
LU*V* parameters also supported the same 
conclusion [35]. However, a study by Martinez 

Calatayud et al. [36] on the specification of col- 
our changes of these indicators with the help of 
coordinates (x, y), RUCS coordinates (U, V), 
PMUCS coordinates (u, u), CIE La*b* and 
AJ/A(C,/C,) vs. C,iC, revealed that bromopy- 
rogallol red is the most suitable indicator, fol- 
lowed by methyl thymol blue. However, Arsenazo 
III is reported to be superior in terms of its colour 
change over all the other indicators studied in this 
titration, as the plot of AE*/A(C,/C,,) vs. CL/C, 
exhibited a higher peak for this indicator [37]. The 
quality of this indicator is assessed in the com- 
plexometric titration of calcium( II), bismuth( III), 
iron(II1) and lanthanum(II1) by specifying the 
colour changes with the coordinates (x, y), CIE 
La*b* parameters and the plot u* vs. b*. Arse- 
nazo II and sulphosalicylic acid acid indicators 
are recommended over salicylic acid and potas- 
sium thiocyanate in the titration of iron(II1) with 
EDTA from a study of the trichromatic parame- 
ters (s. y), (U, I’) and CIE Lu*b* [38]. 

The quality of colour change of indicators such 
as Arsenazo III, calcein, calcon, eriochrome blue 
black B, methyl thymol blue, murexide, phthalein 
complexone and thymolphthalein complexone in 
the titration of calcium(I1) with EDTA is specified 
from the parameters (x, y), (Q.\-.Q,.). colour con- 
centration (J), dominant wavelength (id) and pu- 
rity of the colour (p,) determined at different 
values of Cr./C’, near the end point and from a 
plot of AJ/A(C,jC,) vs. CL/C, [39]. The follow- 
ing order of indicator quality of colour change 
has been mentioned: thymolphthalein complex- 
one > phthalein complexone > Arsenazo III > cal- 
con = murexide > calcein > methyl thymol blue 

eriochrome blue black B. However, arsenazo 
(~-(4-arsonophyl)-(azo-7-(antipyril)azo-l,8-dihyd- 
roxy-3,CGnaphthalene disulphonic acid) is consid- 
ered a superior indicator in this titration because 
the trajectory of the (x, .Y) curve is almost perpen- 
dicular to the major axis of the MacAdam ellipse 
situated in that region [40]. A sharp peak ob- 
served in the plot of AE*/A(Cr/&) vs. CL/C, for 
this indicator further confirmed its superior qual- 
ity of colour change. 

Vytras et al. [41] studied the trichromatic 
parameters, namely (x, II), (Q,. QI ), PMUCS (u, 
v), the colour concentration (J), dominant wave- 
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length (A,), purity of the colour (p,) and CIE The quality of colour changes at the end point 
Lu*v” parameters for the specification of colour in the complexometric titration of bismuth (III) 
changes of the metallochromic indicators eri- with EDTA, using the indicators hematoxylin, 
ochrome blue SE, eriochrome red B, naphthyla- PAN [ I-(2-pyridyl azo)-naphthol-21, PAR [4-(2- 
zoxine 6s. SNAZOXS (disodium salt of pyridyl azo)-resorcinol], xylenol orange and 
8-hydroxy-7-[(4-sulphonaphthyl) azo]-5-quinoline thoron, was studied by means of the 1931 CIE 
sulphonic acid) and zincon[2-(2-(a-(2-hydroxy-5- trichromatic system, using SCD and colour differ- 
sulphonphenyl azo) benzylidene) hydrazino) ben- ence (AE*) and hematoxylin was recommended as 
zoic acid] in the titration zinc(I1) with EDTA and the most suitable indicator for this titration [45]. 
claimed that zincon gives the best colour quality Krishna Prasad and Raheem [46] applied trichro- 
of transition, since the colour change is from blue matic calorimetry for the specification of colour 
to orange-yellow and passes close to the point of changes of metallochromic indicators, namely 
achromatic colour. Cache et al. [28] determined PAR, eriochrome black T, bromopyrogallol red, 
the values of the optical concentration (J) via the solochrome blue black B, pyrocatechol violet and 
titration of copper(I1) with EDTA using indica- PAN, in the complexometric titration of cadmiu- 
tors such as PAN( 1-(pyridyl(-2’-azo-2-naphthol))), m(I1) to assess the quality of colour change at the 
MeTDAN( 2-(5-methyl- 1,3,4-thiadiazolyl azo-1)-2- equivalence point using the CIE La*b* 1976 sys- 
naphthol), murexide, MeTDAAMF(2-(5-methyl- tem and the value of the SCD parameter. Prasad 
1,3,4-thiadiazolylazo-6)-3,4-dimethyl phenol) and and Raheem [47] measured the quality of colour 
TeADMF( 5-( 1,2,3,4-tetrazolylazo-6)-2,4-dimethyl change of the complexometric indicators eri- 
phenol), and the order of the quality of colour ochrome black T. bromopyrogallol red, 
change is ascertained from a plot of AJ/A(C,/C,) solochrome blue black B, pyrocatechol violet, 
vs. q/c,. However, Martinez Calatayud et al. methyl thymol blue, chromeazurol S and 
[29] in their critical search for an ideal chromatic solochrome dark blue in the titration of magne- 
parameter stated that the colour concentration (J) sium(I1) with EDTA with the help of tristimulus 
showed a non-uniform behaviour and hence it is calorimetry. Studies on the specification of co!our 
not recommended for the measurement of quality changes of the complexometric indicators in the 
of colour change. The parameter AE* is preferred titration of metal ions, namely copper(I1) [48], 
in this regard, as it is more uniform against the nickel(I1) [49] and cobalt(I1) [50], with EDTA 
standard deviation of colour matching, AS. were carried out recently. 

Cache et al. [42] used arsenazo [2-(2-arseno 
phenyl) azo-7-(4-azo- 1,8-dihydroxy-3,6 naph- 
thalein disulphonic acid] as metallochromic indi- 
cator in the titration of calcium(II) with EDTA 
and its colour quality was studied using CIE 
chromaticity diagrams. 

2 7. Specljication of colour changes of’ ucid-base 
indicators in aqueous medium 

Cache et al. [43] investigated the performance 
of five metallochromic indicators in the determi- 
nation of barium using tristimulus chromaticity 
theory and concluded that metolphthalein and 
thymolphthalein complexone were the most suit- 
able out of the indcators studied. Further to this, 
Cache et al. [44] carried out a comparative study 
of metallochromic indicators for the titrimetric 
determination of magnesium with EDTA and ob- 
served that eriochrome black T and antipyrl-o-ar- 
senazo I were the most suitable indicators for this 
titration. 

Fortune and Mellon [51] carried out a spec- 
trophotometric study of a number of neutralisa- 
tion indicators and specified the colour of the 
indicators before and after the equivalence point 
with the help of trichromatic evaluation. These 
authors also mentioned the trichromatic values of 
the mixed indicators, namely methyl red and bro- 
mocresol green. Kotrly et al. [52] characterised the 
specification of colour changes of the indicators 
phenolphthalein, phenol red, thymol blue, bro- 
mothymol blue, methyl red and congo red with 
the help of the CIE calorimetric system. The 
colour quality of the studied indicators was spe- 
cified by a curve on the chromaticity diagram. 
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The authors tabulated the true colour coordinates. 
dominant wavelength, purity of colour and RUCS 
coordinates at different pH values for all the 
studied indicators. Vytras and Kotrly [53] devel- 
oped procedures for the calculation of all ab- 
sorbance curves for the colour transition of an 
acid-base indicator when three consecutive disso- 
ciation equilibria are involved. ALGOL computer 
programs were developed by these authors to 
calculate the true colour coordinates from the 
absorbance values. The evaluation of the dominant 
wavelength and the excitation purity was also 
discussed. The mathematical treatment of the 
colour transitions of acid-base indicators has been 
applied to compute the colour changes of bro- 
mothymol blue and phenol red. Bhuchar and 
co-workers [26,27] proposed a quantitative mea- 
sure of the quality of colour change, namely 
specific colour discrimination, to evaluate the 
colour changes of phthalein and sulphonephthalein 
indicators, phenolphthalein. cresolphthalein, thy- 
mol phthalein, phenol red, cresol red, thymol blue 
and congo red. Barbosa et al. [54] carried out a 
comparative study of some hydroxyan- 
thraquinones, namely alizarin, alizarin S, 
quinalizarin and quinizarin with bromocresol 
green and methyl orange as reference indicators. 
The numerical values of the chromaticity coordi- 
nates, complementary chromaticity coordinates, 
pK, values, pH of maximum colour change and the 
quality of colour change indicated that these hy- 
droxyanthraquinones have a colour change quality 
similar to that of bromocresol green. The semicar- 
bazones and thiosemicarbazones derived from 1.2- 
naphthoquinone, namely 1,2-naphthoquinone-2- 
semicarbazone (NQS), and its 4-sulphonic deriva- 
tives (NQS4S) and 1,2-naphthaquinone-2-thiosem- 
icarbazone 4-sulphonic acid (NQT4S)], are 
reported as acid-base indicators by the evaluation 
of their transition limits via tristimulus chromatic- 
ity coordinates [55]. In this study the true colour 
coordinates. the PMUCS coordinates, RUCS and 
CIE Lu*b* 1976 parameters are evaluated for the 
specification of the colour changes of these acid- 
base indicators and it is stated that NQS4S exhibit 
similar sharpness to that shown by methyl red. 
Fernandez and Guzman Chozas [30] utilised a new 
colour space denoted as LABHNU 1977 [24] with 

the object of attaining uniformity for the CIE 
Lu*v* and CIE La*b* 1976 systems. These au- 
thors studied the specification of the colour change 
of the indicators pyridine-2-aldehyde-p-nitro- 
phenyl hydrazone and 6-methylpyridine-2-alde- 
hyde-p-nitrophenyl hydrazone with the help of the 
LABHNU colour space and observed that the AE* 
values evaluated by this method linearly relate to 
those obtained by the application of the CIE 
La*b* colour space. Gulati et al. [56] studied the 
colour transition of 2-(2’-lepidylazo-)- 1 -naphthol- 
4-ammoniumsulphonate as an acid-base indicator 
with the help of the true colour coordinates and 
RUCS coordinates along with the SCD parameter 
and found that the sensitivity of the indicator is 
comparable to that of thymol blue. Bhaskare et al. 
[57] studied the use of the azo dye a-(2-hydroxy-4- 
sulpho-phenylazo)-p-(nitrobenzyl cyanide) as an 
acid-base indicator by evaluating the sensitivity of 
the indicator in terms of the indicator in terms of 
specific colour discrimination steps and the half 
bandwidth of the change of specific colour discrim- 
ination in pH units. Kotoucek and Lemr [58] 
carried out investigations for satisfactory function- 
ing of celestine blue as an acid-base indicator for 
visual titrations of strong and moderately strong 
protolytes. On the basis of the tristimulus coordi- 
nates the CIE La*b* 1976 parameters were calcu- 
lated with the help of the TRICHROM program on 
an EC 1033 computer. Kotoucek and Lemr [59] 
studied the characterisation of the colour change of 
some acid-base indicators of the phenoxazine dye 
group and disodium 2,8-dihydroxy 1 ,Cnaph- 
thaquinone-3,6 disulphonate using tristimulus 
chromaticity coordinates, CIE La*b* parameter, 
dominant wavelength and purity of colour. Disso- 
ciation constants of indicators were calculated 
from the values of trichromatic complementary 
coordinates and are compared with the published 
values. 

2.8. Speczjication oj‘ colour changes of indicutors 
in non-aqueous clcirl-base titrimetry 

Non-aqueous acid-base titrimetry has gained 
considerable importance for the ease with which 
the quantitative analysis of pharmaceutically im- 



portant compounds can be carried out in non- 
aqueous media. A number of non-aqueous titri- 
metric procedures have been developed in this 
way involving visual indicators. 

The use of 1,4-dihydroxy anthraquinone as an 
aciddbase indicator in isopropyl alcohol medium 
is studied by the evaluation of colour change 
limits via complementary chromaticity coordi- 
nates at different pH values in the titration of 
benzoic acid and Verona1 with 0.1 M tetrabutyl 
ammonium hydroxide [60]. The dissociation con- 
stants pK, and pK, are evaluated in accordance 
with the method of Reilley etal. [2.5] and it was 
shown that these values coincide with those deter- 
mined by the standard methods. This new indica- 
tor is used in the titration of aromatic acids. 
aliphatic acids, amino acids, aromatic heterocycles 
and phenols in isopropyl alcohol with tetra butyl 
ammonium hydroxide with a relative error of less 
than 0.8%. Barbosa et al. [61] studied a series of 
commercial indicatorsPcresol red, thymol blue. 
bromophenol blue. bromocresol green, bromocre- 
sol purple, bromothymol blue, methyl orange, 
methyl red and neutral red-in order to establish 
them over the whole useful pH range in propan-2- 
01 medium. These authors evaluated the comple- 
mentary chromaticity coordinates. specific colour 
discrimination, pH of maximum colour change, 
half band width of specific colour discrimination 
peak, pK,, and optimum indicator concentration 
together with the CIE La*b* 1976 parameters. To 
illustrate the usefulness of the work, a mixture of 
picric acid and benzoic acid was titrated with 
tetrabutyl ammonium hydroxide using thymol 
blue as indicator and also a relationship between 
pK,,, in aqueous and propan-2-01 medium was 
proposed. Barbosa et al. [62] carried out similar 
studies with 2-methyl propan-2-01 medium to es- 
tablish the above-mentioned commercial indica- 
tors over the whole useful pH range. The 
chromatic parameters. the chromaticity coordi- 
nates, complementary chromaticity coordinates. 
optical concentration, specific colour discrimina- 
tion, pH of maximum colour change, half band- 
width. AE* value of CIE Lu*b* 1976, and CIE 
Lu*u*. together with the optimum indicator con- 
centration, are evaluated utilising the indicator 
transition in the titration of trichloroacetic acid 

with tetrabutyl ammonium hydroxide. A linear 
relationship between pKi” values in 2-methyl 
propan-2-01 and in aqueous medium is also pro- 
posed. Mixtures of dithio uracil and 2,4- 
dichlorophenol were titrated with tetrabutyl 
ammonium hydroxide using methyl red and 
thymo blue as indicators. Barbosa et al. [63] stud- 
ied a series of acid-base indicators, namely p- 
naphthol benzein, neutral red, tropaeolin 00. 
quinalidine red, brilliant green, malachite green 
and bromocresol green. in acetonitrile medium 
and determined the chromaticity coordinates, pK, 
values, transition pH ranges. pH of maximum 
colour change, optimum concentration for titra- 
tion and quality of colour change for each of 
these studied indicators together with the effect of 
ionic strength on their properties. These authors 
recommended neutral red or a mixture of bro- 
mocresol green and tropaeolin 00 as indicators in 
the titration of a binary mixture of tetramethyl 
guanidine and pyridine. The indicator transition 
ranges at zero ionic strength are presented for all 
the studied indicators. These authors further re- 
ported that the studied indicators provided very 
sharp end points in titrations of bases with the 
dissociation constants of the order of lo- “I or 
lower. Bosch and Roses [64] proposed 1,2-naph- 
thoquinone-2-thiosemicarbazone as an aciddbase 
indicator for use in isopropyl and r-butyl alcohol 
media and evaluated the quality of colour change 
by determining the parameters specific colour dis- 
crimination, pH of maximum colour change, half 
bandwidth of specific colour discrimination peak, 
true and complementary colour coordinates to- 
gether with the parameters of CIE Lu*b* 1976, 
and CIE Lu*c*. This indicator is found to yield 
results of very good accuracy and precision in 
titrations of trichloroacetic, dichloro acetic and 
chloro acetic acids. Martinez Calatayud et al. [65] 
carried out studies using tristimulus calorimetry 
theory on several recommended indicators (crystal 
violet, methyl violet, tropaeolin 00, bromocresol 
purple and malachite green) for the titration of 
metformine with perchloric acid and in acetic acid 
medium and found that crystal violet and methyl 
violet were most suitable. With the help of CIE 
La *b * 1976 parameters these authors were able to 
develop screened indicators of crystal violet and 
methyl violet by mixing them with appropriate 
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inert colorants such as neozapan yellow and thy- 
mol blue. Barboza et al. [66] extended their stud- 
ies on the chromatic characterisation of several 
commercial indicators (metanil yellow, 
quinalidine red, 4’-dimethyl aminobenzal rho- 
damine, tropaeolin 00, brilliant green, crystal vi- 
olet, malachite green, p-naphtholbenzein, nile 
blue and sudan red) in anhydrous acetic acid 
medium and evaluated the chromatic parameters 
in the titration of either urea or sodium acetate 
in anhydrous acetic acid medium with perchloric 
acid. The colour sequence of these indicators, 
described with the widely-used chromaticity coor- 
dinates, complementary chromaticity coordinates, 
the specific colour discrimination parameter and 
the parameters CIE La*b* 1976, and CIE 
Lu*u*, enabled these authors to determine the 
formation constants of the indicators and also 
the optimum concentration of the indicator. 
These authors also determined the indicator tran- 
sition range, in terms of pCHclo, of indicators in 
acetic acid medium. An objective study on the 
comparison of the colour changes of the indica- 
tors crystal violet and methyl violet in acetic acid 
medium for the determination of a number of 
pharmaceutically important compounds revealed 
that the trichromatic parameters and the transi- 
tion curves of both these indicators coincide with 
each other, indicating that these two dyes are 
identical in their behaviour [67]. Barbosa et al. 
[68] carried out investigations to determine the 
optimum concentrations of the indicators crystal 
violet, alizarin-9-imine and quinalizarin-9-imine 
in anhydrous acetic medium with the help of 
tristimulus coordinates and observed that the 
first two are good indicators. Barbosa et al. [69] 
further carried out a comparative study of colour 
change quality of the indicators crystal violet, 
p-naphthol benzein, tropaeolin 00, malachite 
green and nile blue in acetic medium. Barbosa 
and Bosch [70] carried out similar studies with 
NJ-dimethyl formamide medium to test the 
properties of the indicators thymol blue, bro- 
mocresol green, bromothymol blue, meta cresol 
purple, phenol red and azoviolet with the help of 
the chromatic parameters, complementary colour 
coordinates, specific colour discrimination 
parameter and the parameters of the CIE Lu*b* 

and CIE Lu*P*. It is also stated that a binary 
mixture of 2,6-dihydroxy benzoic and benzoic 
acids was titrated in the presence of azoviolet 
with an error of less than 2%. 

2.9. Scrrening 

A screened indicator is an indicator which 
changes from one colour to its complementary 
colour through greyness at the equivalence point 
of the titration. Such a screened indicator is ob- 
tained by mixing the indicator with one or more 
inert dyes in a definite proportion. Reilley and 
co-workers [25,32] and Flaschka [33] derived an 
expression for the volume of the inert dye solu- 
tions which should be added to 1 ml of the 
indicator solution, so that the resulting mixture, 
the screened indicator, exhibits greyness at the 
end point. 

Since the coordinates of the grey point (0,O) in 
the chromaticity diagram with I’, coordinates 
( V, = QY - G,.). a mixture of “i” colorants will 
exhibit greyness if 

,F, V,., J, = 0 

If two inert dyes are used to achieve this condi- 
tion, the above equation can be written as 

V,.,, J,m, + I’,., . Jb rq, + V,., J, HZ, = 0 

where V,., represents the coordinates of the pure 
indicator at the equivalence point and V,.,,, and 
V,,, are the coordinates of the two inert dyes, J 
is the optical concentration, “m” represents the 
volume of solution, and the subscripts e, b and v 
correspond to the indicator, a blue inert dye and 
a violet inert dye respectively. Since V,,, (calcu- 
lated from the coordinates of the limiting forms 
of the indicator), Vr,b, if,-,, and the corresponding 
J values are known, the volumes ~1~ and M, to 
be added to 1 ml of the dye can be calculated by 
solving the simultaneous equations which result 
on incorporating r = 1, 2, since V,,, is K’,.,, and 
Vz,, is vV,r. Flaschka [33], following the proce- 
dure described, prepared a screened acid-base 
indicator of methyl orange with the inert col- 
orants blue CI 671 and violet CI 697 and the 
colour coordinates of this mixture at the equiva- 



lence point are found to be the same as those of 
the illuminant point. Reilley and Smith [32] re- 
ported the screening of methyl red with kiton 
yellow and brilliant blue and they preferred in- 
ert colorants whose V, points are located near 
the periphery of the chromaticity diagram. 
Bosch et al. [71] studied the colour changes of 
different screened indicators and reported that 
all the screened indicators which can be pre- 
pared from the same pure indicator and differ- 
ent screening dyes show colour changes that, 
when plotted on the complementary chromatic- 
ity diagram. are on the same straight line. These 
authors calculated the slope of this straight line 
from the colour parameters of the pure indica- 
tor and consequently determined the parameters 
relating to the colour changes of all the possible 
screened indicators prepared from this pure indi- 
cator. These authors employed a parameter 
known as relative greyness (g), which is a mea- 
sure of the amount of grey proportion in a 
colour and is given by the expression 

G,(Q:‘-Q,) 
’ = Q:(Q,. - G, ) 

where Q,. G,. and Qy correspond to the comple- 
mentary “J”’ coordinate of the colour, the illu- 
minant and the pure spectrum colour of that 
wavelength respectively, for the comparison of 
the quality of colour change of the screened in- 
dicators prepared from the same or different in- 
dicators. 

These authors equalised the relative greyness 
equations of both the limiting forms of the 
screened indicator to obtain the conditions for 
best colour change. By applying these theoretical 
considerations, two screened indicators, mixtures 
of NQT4S- sandolan turquoise EAS - picric acid 
and NQT-sandolan turquoise EAS-picric acid. 
are proposed. It is shown that these two indica- 
tors exhibit a colour change between the com- 
plementary colours through colourlessness with 
the same amount of relative greyness for both 
the limiting forms of the indicators. 

The method of caluclation of the composition 
of screened indicators, as described by Reilley 
and Smith [32]. has been applied for the screen- 
ing of eriochrome blue SE in the titration of 

zinc(II) and SNAZOXS in the titration of cop- 
per(H) with EDTA [72]. Eriochrome blue SE is 
screened with methyl blue and alizarin pure blue 
to obtain an achromatic hue at the end point. 
Martinez Calatayud and Pascual Marti [38] re- 
ported methylene blue as an inert colorant to 
screen sulphosalicylic acid indicator in the titra- 
tion of iron(II1) with EDTA to improve the 
quality of colour change which is measured 
from the AJ/A(C,/C,) vs. CL/C’, plot. In the 
titration of lead(H) with EDTA, two screened 
indicators in powder form with the following 
compositions were proposed [73]: 
(1) Eriochrome black T-methyl red (7.4 + 1)) 

NaCl (1 + 100) 
(2) Bromopyrogallol reddnaphthol green B-thy: 

mol blue (2.5 + 21 + I)-NaCI (1 + 100) 
From the values of percent standard deviation 

of the result, it has been shown that the screen- 
ing of the indicator improved the accuracy of 
the determination. The (rr*. h*) curves of both 
the screened indicators pass through the origin, 
indicating occurrence of achromatic colour at 
the end point. Cache et al. [74] proposed five 
screened indicators to improve the quality of 
colour change for the complexometric titration 
of calcium(I1) with EDTA, using tristimulus col- 
orimentry. The studied indicators are calcon-- 
tartrazineeorange-II (6.8 + 1 + 4.6). 
thymolphthalein complexoneeorange-II-tar- 
trazine (14.22 + 1.22 + l), Arsenazo IIILrenazol 
brilliant blue-tartrazine (25.2 + 8.9 + l), ph- 
thaein complexoneetartrazinerenazol brilliant 
blue (2.47 + 1 + 1.1) and methylthymol blueeor- 
ange II-tartrazine (13 + 2.9 + 1). 

Bhuchar and Das [75] screened phenol red, an 
aciddbase indicator. with methylene blue and 
compared the quality of the colour change with 
that of another screened indicator. phenol red 
screened with copper oxalato complex. with the 
help of the SCD parameter and concluded that 
the former screened indicator is superior in its 
quality of colour change. 

Vytras et al. [76] proposed the screening of 
the aciddbase indicators phenol red. bromothy- 
mol blue and methyl red by mixing with appro- 
priate inert colorants as mentioned below: 



Indicator Inert colorants 

Phenol red Methylene blue-picric 
acid 

Phenol red Methylene blueetartrazine 
Methyl red Methylene blueepicric 

acid 
Methyl red Methylene blue- tartrazine 
Bromothymol blue Phenosafranineeorange II 
Bromothymol blue Phenosafranine-Eg acid 

orange GG 

Vytras and Kotrly [53] determined the tristimu- 
lus coordinates of the screened indicators phenol 
red (with methylene blue and tartrazine) and bro- 
mothymol blue (with phenosafranine and orange 
II) at different pH values using a computer pro- 
gram for the simulation of absorbance curves. 
Zahradnicek [77] recommended screened indica- 
tors such as ethyl orange-nile blue A and phenol 
red-methylene blue for improving the sharpness of 
colour change at the end point in acid-base titra- 
tions. The stability of the mixed indicator is 
demonstrated by the position of the complemen- 
tary colour points in the chromaticity diagram [78]. 
Zahradnicek and Subert [79] reported that the 
colour transition curve of the screened indicator 
methyl orange-methylene blue passes through the 
grey point whereas that of the screened indicator 
dimethyl yellow-nile blue A deviates slightly from 
the grey point, possibly due to slight decomposi- 
tion in the latter case. These indicators are used in 
the determination of medical substances. 

Martinez Calatayud et al. [65] proposed screened 
indicators in acetic acid medium for the titration of 
metformine with perchloric acid. The screened 
indicators crystal violet-neozapan yellow and 
methyl violet-thymol blue exhibited very low val- 
ues of percent relative standard deviation in com- 
parison with the unscreened indicators, indicating 
the higher accuracy of the screened indicators. It 
has also been shown that (cc*, b*) graphs of both 
the screened indicators have curves passing 
through the origin. Barbosa et al. [80] proposed 
three efficient indicators consisting of malachite 

green and a screening dye for use in anhydrous 
acetic acid media utilising the concepts of tristim- 
ulus calorimetry. Krishna Prasad and Raheem [S l] 
proposed the following screened indicators for 
acid -base titrations and reported a single colour 
transition curve for screened indicators formed by 
mixing with different inert colorants: 

Methyl red + methylene blue (3:l) 
Methyl red + indigo carmine (3:2) 
Methyl red + malachide green (2.5:2) 
Ethyl red + methylene blue (6: 1) 
Ethyl red + indigo carmine (3:2) 
Dimethyl yellow + methylene blue (3: 1) 
Dimethyl yellow + indigo carmine (2: 1) 
Lemr and Kotoucek [82] have written a com- 

puter program for the peparation of screened 
indicators for aciddbase titrations. These authors 
[83] prepared six screened acid-base indicators 
and their colour characteristics are studied with the 
help of the 1931 CIE parameters. 

2. IO. Other upplicutions of tristindus calorimetry 

Reilley and Smith [32] developed mathematical 
equations for the analysis of binary and ternary 
mixtures of dyes with the help of complementary 
chromaticity coordinates. Flaschka [84] simplified 
the procedure by reducing the number of wave- 
lengths at which the absorbances are measured for 
calculating the complementary coordinates and 
proposed a mathematical procedure for the deter- 
mination of the concentrations of individual com- 
ponents in binary and ternary mixtures. This 
procedure is further improved by adopting a least- 
squares approach for solving this problem and it is 
claimed that this method is superior compared to 
the earlier methods [85]. With the help of comple- 
mentary tristimulus calorimetry, a mixture consist- 
ing of plutonium in four different oxidation states 
( + 3, + 4, + 5, + 6) is analysed by representing 
the data points of the individual pure components 
as the vertices of a pyramid and the data points 
corresponding to a mixture of these four compo- 
nents lie within the pyramid [86]. 

Reilley et al. [25] determined the stability con- 
stant of the complex formed between copper ion 
and (7-4( sulpho- 1 -naphthyl azo)-8-hydroxy quino- 
line-5-sulphonic acid) using the complementary 
tristimulus coordinates by drawing a plot of 



Q,J vs. Q,.J at different ratios of ligand to metal 
ion concentrations. The pH range of existence of 
mixed complex formed between copper( alu- 
minium(II1) and tartrate ion is determined with 
the help of complementary tristimulus calorimetry 
[87]. Trichromatic calorimetry has recently been 
applied to the determination of the colour of 
transition metal complexes [88]. The chromaticity 
coordinates of the transition metal compounds 
Cr(NO,),, CrCl,, Cr,(SO,),, COC&, NiClz and 
CuSO, in aqueous solutions are determined at 
varying concentrations and it is stated that the 
trichromatic parameters link colour properties of 
a substance with those of spectroscopic origin, 
which depend on d electrons, crystal field symme- 
try and the nature of the bond. Tawa and Hirose 
[89] applied simplified tristimulus calorimetry for 
the determination of primary and secondary 
amines in the presence of tertiary amines by en- 
abling their complexes with copper ion to be 
extracted into chloroform. The unreacted cop- 
per(I1) is estimated because of its catalytic effect 
on the reaction between hydrogen peroxide and 
pyrocatechol by determining the pseudo-first or- 
der rate constants with the help of simplified 
tristimulus calorimetry. Tawa and Hirose [90] de- 
termined mixtures of aniline and its derivatives by 
a differential reaction using a mixture of potas- 
sium hexacyanoferrate(II1) and potassium dichro- 
mate as oxidant. Necessary rate proportionality 
constraints for application of the differential rate 
method are determined by simplified complemen- 
tary tristimulus calorimetry and from the slope of 
the straight line portion of the plots of concentra- 
tion of semiquinone vs. time. Application of sim- 
plified tristimulus calorimetry has been proposed 
by Tawa and Hirose [91], in a method aimed at 
determining uric acid in serum without the re- 
moval of proteins. The method requires calcula- 
tions of absorbance at 290 nm as a function of 
time by simplified tristimulus calorimetry and 
computation of initial and final absorbances 
based on the kinetics of first order reactions and 
using multiple linear regression analysis. The 
chemical detector system uses uricase catalysis for 
the conversion of uric acid to allantoin. 

Simplified complementary tristimulus colorime- 
try [92] has been applied for the identification of 

the reactive species involved in the oxidation of 
oxalate ion with permanganate and catalytic de- 
composition of hydrogen peroxide by mixed cata- 
lysts (sodium tungstate and copper(U)). The 
expression derived for the mole fraction of the 
light-absorbing species in terms of complementary 
tristimulus coordinates is utilised for the calcula- 
tion of the pseudo-first order rate constant of the 
oxidation reaction of the sulphonephthalein dyes, 
cresol red and cresol purple, by potassium perio- 
date. It has also been shown that the presence of 
the coloured impurity, bromocresol green, has no 
effect on the value of the pseudo-first order rate 
constant determined by this procedure. This study 
has been applied for the determination of the rate 
constants of consecutive irreversible first-order re- 
actions and is illustrated by the assay of xanthine 
oxidase which catalyses the oxidation of hypoxan- 
thine to uric acid [93]. 

The tristimulus coordinates are utilised for the 
quantitative analysis of dyes [94] and the identifi- 
cation of drugs [95] by high performance liquid 
chromatography. 

2.11. Coniputrr program for tristinlulus 
calculatiom 

Because of the numerous multiplications and 
additions involved in obtaining tristimulus values 
and the associated parameters, the necessity of the 
development of computer programs was appreci- 
ated even in the early stages of application of 
tristimulus calorimetry for the measurement of 
quality of colour change of indicators. 

In 1960 Reilley and Smith [32] developed an 
analogue computer by considering various com- 
puter circuits available for multiplying and sum- 
ming operations. The algorithm adapted for this 
analogue tristimulus computer for the calculation 
of chromaticity coordinates is the weighted ordi- 
nate method at the selected wavelengths. 

Vytras and Kotrly [52], considering the rela- 
tionship between the absorbance value and the 
equilibrium system of an aciddbase indicator, 
wrote programs in ALGOL to simulate the ab- 
sorbance curve of a given indicator at a given pH. 
From the simulated absorbance curve, the chro- 
maticity coordinates can be calculated by another 
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program, which is also written in ALGOL. The 
genreal program developed by these authors is 
capable of calculating the chromaticity coordi- 
nates of an indicator at different values of delta 
(the fraction of the indicator in the unproto- 
nated form) by taking the individual dissociation 
constants as input data. This simulation pro- 
gram has been applied to evaluate the results 
for the colour changes of the indicator phe- 
nolphthalein, the screened indicator phenol red 
in combination with tartrazine and methylene 
blue, and another screened indicator bromothy- 
mol blue in combination with orange II and 
phenosafranine. 

Martinez Calatayud et al. [96] proposed a 
computer program for the determination of the 
chromaticity coordinates, the RUCS coordi- 
nates, the CIE La*b* 1976 parameters and the 
values of the optical concentrations. An output 
consisting of all these parameters for 34 differ- 
ent indicator solutions has been presented. 

Bosch et al. [71] developed the computer pro- 
gram COLOR on a Hewlett-Packard series 200 
microcomputer system for the computation of 
tristimulus values, tristimulus coordinates, com- 
plementary tristimulus coordinates, RUCS coor- 
dinates, CIE La*b* 1976 and CIE Lzr*r* 
paramaters, total colour ditference and the index 
of greyness. This program is capable of display- 
ing a graphical output (on screen, printer or 
plotter) of all the chromaticity bidimensional 
systems evaluated in this program. Other facili- 
ties included in this program are calculation of 
the dissociation constant of the indicator from 
complementary chromaticity coordinates, com- 
putation of the optimum indicator concentra- 
tion. graphical output of AE* vs. pH and SCD 
vs. pH curve. Two other programs, GRIS I and 
GRIS 2, are capable of calculating the chromatic- 
ity coordinates of the screened indicators which 
are screened with one and two inert colorants 
respectively. 

Roses [97] reported the program SUPER 

COLOR written in BASIC for the evaluation of 
the colour changes of indicators, which has the 
capabilities of COLOR, GRIS I and GRIS 2 as well 
as simulating the colour change of an indicator. 

The chromaticity parameters on the indicators 
methyl orange, bromocresol green and 1,2-naph- 
thaquinone-2-thiosemicarbazone-4-sulphonic acid 
have been determined by the application of the 
SUPER COLOR prO@Xll. 

Cache et al. [28] proposed a program RI- 
CANER, written in BASIC, for the evaluation of 
the chromaticity parameters and colour concen- 
tration. Recently. another program for the de- 
termination of tristimulus coordinates was 
proposed [88]. 

Kotrly and Vytras [98] carried out a compara- 
tive study of the results obtained by the 
weighted ordinate method and the selected ordi- 
nate method (10 and 30 selected ordinates) and 
concluded that the former procedure is more 
reliable at A/i = 10 nm. These authors claimed 
that there is a higher propability of introduc- 
ing gross personal error whilst reading the 
transmittance values from the graphs at 90 
different non-integral wavelengths while adapting 
the 30 selected ordinate method and so dis- 
carded the application of this selected ordinate 
method. 

Zahradnicek and Subert [99] also concluded 
that the selected ordinate method is inferior in 
terms of accuracy to the weighted ordinate 
method. Kotrly and Vytras [98] preferred the 
weighted ordinate method for the evaluation of 
chromaticity coordinates not only for the accu- 
racy of the results obtained but also for ease of 
development of the computer program. How- 
ever, a computer program has been written for 
the selected ordinate method algorithm using the 
Lagrange interpolation technique for reading the 
absorbance at the non-integral wavelengths 
[ 1001. 
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Abstract 

The speed and efficiency of instrumentation for chemical analysis has improved dramatically over the past twenty 
years. Until recently, however, methods of sample preparation had not changed to keep pace, so this had become the 
slowest step in analytical chemistry methodology. The widespread adoption of domestic microwave ovens during the 
past twenty-five years has eventually led to their usage in chemical laboratories. Microwave technology has now 
advanced to the point where it is revolutionizing chemical sample preparation and chemical synthesis. Since the first 
application of a microwave oven for sample preparation in 1975. many microwave-assisted dissolution methods have 
been developed- these are applicable to v?irtually any kind of sample type. This review attempts to summarize all 
the microwave-assisted dissolution and digestion methods reported up to and including 1994. In addition. some very 
recent developments in continuous-flow automated dissolution systems are discussed, as is the emergence of databases 
and software packages related to the application of microwave technology to sample dissolution. 

There are 344 references. 

Kqwwrds: Analytical chemistry; Microwave-assisted sample preparation 

1. Introduction 

Microwave-assisted sample preparation tech- 
niques are becoming widely used in analytical 
laboratories all over the world. This review is an 
attempt to describe the most significant advances 
made, and to summarize the available literature 
up to the beginning of 1995. For the convenience 
of readers, methods have been divided according 
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to sample type (e.g. geological, environmental, 
etc.). This inevitably leads to overlap, as some 
samples fall within more than one category, but it 
also makes for faster information retrieval. This 
review includes microwave techniques applied to 
atmospheric pressure dissolutions, fusions, Kjel- 
dahl determinations and ashing procedures but 
focuses on the major application of microwave 
heating in this field, which is high-pressure disso- 
lutions in sealed vessels/systems, where the ele- 
vated temperatures attained lead to faster sample 
breakdown and analyte dissolution. 

0039-9140196~Sl 5.00 lc 1996 Elsevier Science B.V. All rights reserved 
PII s0039-9140(96)01882-6 



Microwave ovens have been used in chemical 
laboratories for the sintering of ceramic mixtures 
[316], moisture analysis [31 l] and the wet ashing 
of biological and geological materials [3 1,32,8 l] 
for many years. The pressure dissolution of geo- 
logical specimens in Parr bombs heated in water 
baths has also been exploited for a long time [l I]. 
However, it is only within the last decade that the 
two techniques have been combined to provide 
rapid pressure dissolutions of analytical samples 
prior to AA or ICP analysis (10,132.148,270,319-m 
3211. 

It is interesting to review briefly the circum- 
stances which have led up to the development and 
adoption of this new pressure-dissolution tech- 
nique. Since many of the first studies were carried 
out by researchers from the minerals sector, it is 
appropriate to trace the story from this perspec- 
tive-however, the very significant contributions 
of researchers in other fields, notably Abu-Samra 
[31,32], Brown [81] and Kingston and Jassie [270] 
and all their co-workers must be acknowledged. 

Efficient exploitation of minerals in the earth’s 
crust requires extensive knowledge of the detailed 
geology, mineralogy and geochemistry of the vari- 
ous deposits, as well as a comprehensive under- 
standing of the behavior of the various ores and 
minerals at different stages of the mining, milling, 
smelting and refining processes. Analytical chem- 
istry is fundamental to the acquisition of this 
knowledge. Over the past decade. the mining and 
smelting industry has come under increasing pres- 
sure on two main fronts-economic and enviro- 
mental. On the economic front, inflation along 
with weak metal prices, increasing competition 
and lower quality ore bodies have forced compa- 
nies to improve efficiency and productivity. At the 
same time, society has become increasingly con- 
cerned with the environmental effects of the in- 
dustry. This has led to a demand for more 
stringent controls on emissions and effluents, and 
for the monitoring and revegetation of previously 
devasted areas. These influences have in turn 
made efficient management more and more de- 
pendent on reliable chemical analysis at all stages 
of the mining and smelting process. Analytical 
chemistry has never had a more important role to 
play. Similar trends are evident in other indus- 

tries, and the signs are that the role of analytical 
chemistry will become even more crucial in the 
future. These pressures have favored the trend for 
analytical chemistry instrumentation to become 
more and more sophisticated. Improved instru- 
ments with the capability to detect ever-smaller 
quantities of more and more elements and com- 
pounds. more rapidly than before. are constantly 
being developed and usually incorporate powerful 
computational capabilities. However, many of 
these advanced techniques require the sample to 
be in solution form prior to analysis and yet few 
innovations had been made to sample dissolution 
methods. Conventional wet ashing dissolution 
techniques are very slow, and involve heating 
samples in various acids or mixtures of acids in an 
oven or on a hot plate for extended periods of 
time. Often the sample-acid mixture must be 
brought down to dryness, cooled, and then re-re- 
heated with more acid in order to ensure dissolu- 
tion. Also, these techniques are susceptible to loss 
of volatile analytes and cross-contamination. 
Other problems often associated with conven- 
tional sample preparation techniques include, te- 
dium, danger due to the use of strong oxidizers, 
incomplete digestion and the need for large 
amounts of reagents, constant supervision and 
special fume hoods. For those samples containing 
intractable matrices such as refractory minerals, 
closed vessels such as steel-jacketed TeflonTMp 
PTFE bombs or glass Carius tubes heated in a 
conventional oven have traditionally been used- 
again, lengthy heating times are required. Thus 
sample preparation became the slow step in the 
analytical process, providing the impetus for the 
development of fast and reliable alternative meth- 
ods to those traditionally employed. 

In 1975 Abu-Samra and his co-workers re- 
ported the use of microwave ovens for the pur- 
pose of wet ashing biological samples prior to 
elemental analysis [31,32]. These authors used a 
domestic microwave oven equipped with a spray 
fume scrubber to wet ash a range of biological 
samples. The only previously recorded laboratory 
uses of microwave ovens were for the drying of 
wet cake and paste in an inorganic chemical man- 
ufacturing plant [31 l] and for the sintering of 
silica and alumina mixtures [316]. The inspiration 
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for pressure-dissolution studies came from a US 
Bureau of Mines report [16], which described how 
a rapid dissolution of some mineral samples had 
been achieved by using a microwave oven to heat 
samples and an acid mixture contained in polycar- 
bonate bottles. When this experiment was re- 
peated [lo], the method showed great potential, 
but the vessels proved unsuitable for more rigor- 
ous conditions-the vessels needed to be transpar- 
ent to microwave radiation, chemically inert and 
resistant to acid attack, able to withstand high 
temperatures and pressures, and yet be reasonably 
cheap. Vessels should also be small enough to 
allow up to a dozen inside the oven at the same 
time, yet be readily sealed and opened to enable 
routine use by laboratory staff. A range of com- 
merically available TeflonTM bottles was tried, but 
these deformed or burst during the heating pro- 
cess. Some test vessels were machined out of solid 
TeflonTM blocks, but it was found that the screw 
threads in the cap deformed during the heating, 
allowing the cap to explode off. Finally, a vessel 
was constructed from 4 cm diameter TeflonTM- 
PFA tubing and end caps and this proved success- 
ful. Arrangements were then made with the 
manufacturer [337] to make vessels from the tub- 
ing. These were marketed and eventually became 
the vessel of choice for microwave experimenta- 
tion. The identification and development of this 
more suitable vessel was a very important step 
forward and led to the development of a variety 
of digestion protocols [10,20,132,270,319-3211, 
and also to a range of organic and organometallic 
syntheses [315,3222326], all extremely fast com- 
pared to the traditional methods they were in- 
tended to replace. Since then, both oven and 
vessel design have improved markedly. Dramatic 
reductions in sample preparation times, contain- 
ment of volatiles and sample type versatility are 
evident advantages for closed vessel dissolutions 
when compared to classical wet digestion meth- 
ods. Closed vessels result in the development of 
high temperatures and pressures which make dis- 
solutions much more vigorous and rapid; hence 
the greater speed of the technique. The increased 
acceptance of the microwave pressure-dissolution 
technique is reflected by the dramatic rise in the 
number of publications appearing over the past 

few years. These report dissolution methods in- 
volving geological, botanical, zoological, environ- 
mental, food, sludge, coal and ash, metallic 
material and synthetic material samples. Other 
papers focus on drying, on-line/flow-injection/ 
continuous-flow systems, extraction/desorptions, 
distillations, total nitrogen determinations (Kjel- 
dahl), reviews, general reports and databases, 
automated,+obotic systems, oven modifications, 
special dissolution techniques and equipment, 
safety and moisture content determinations. 

In many analytical laboratories, the microwave 
pressure-dissolution technique is already the 
method of choice for sample preparation. The 
new protocols reported have been, in most in- 
stances, verified exhaustively against standard ref- 
erence materials. Microwave pressure-dissolution 
must now be considered an accepted technique. 
Other microwave-assisted processes for sample 
preparation are being constantly developed and 
put into practice. This is an extraordinarily dy- 
namic and rapidly changing area of chemistry. 

2. Microwave-assisted dissolution procedures 

2.1. Geological samples 

Geological materials often contain immutable 
matrices resistant to acid attack. Many of these 
matrices consist of refractory minerals (e.g. 
chromite) with high melting points or other com- 
pounds which may require several hours of heat- 
ing in acids, or a fusion process, for satisfactory 
dissolution. The introduction of microwave-as- 
sisted pressure dissolution techniques has been a 
major advance in geochemical analysis. Since the 
introduction of this new technique [lo], many 
other reports have been published involving the 
use of microwave energy for the dissolution of 
geological samples [l-30,129]. Table 1 is a sum- 
mary of these references (see also Table 5 on 
environmental samples). 

Some researchers used modified ovens 
[7,13,16,22,28] for their dissolutions. The most 
common modification involved systems for purg- 
ing the oven’s cavity of fumes to a fume hood 
either with compressed air, CO1 gas or fan forced 
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Table I 
Geological samples 

F.E. Smith. E.A. Arsenuult / Talanta 43 (1996) 1207-I-768 

Sample(s) Digestion mode and special Required reagents 
information/equipment 

Analyte Method of 
analysis 

Ref 

Bastnaesite ore: 
containing 
limonite, baryte 
and quartz 

Ores 

V-Ti-Fe ore 

Geological 

Cu concentrates 

Geological: Cu:Ni 
sulfide-enriched 

Thirty-three 
standard reference 
materials of rock, 
soil and sediment, 
and I8 standard 
reference materials 
of ores and 
minerals 

Closed 150 mL TeBonTM HCI. HF-HCI, HCI-H202 
vessels compared with 
open-air methods 

Domestic oven; open NaOH 
corundum crucibles; 70% 
electrical saving compared 
to muffle furnace/alkali 
fusion 
Closed TeflonTM vessels; HCI PHF 
compared to classical 
methods 
PTFE beakers surrounded HNO,mHF 
by solid MgO inside tightly 
sealed PTFE containers 

HCIO,, MgO 

The heating process and HNO,-HC 
digestion system are 
discussed; compared with 
international standard 
methods 
CEM MDS-II oven; HNO,-HCI then HF. 
closed 150 mL Savillex EDTA, H,B03 
TeflonT”-PFA vessels; 
compared with two other 
classical methods: three-step 
dissolution 
Modified domestic oven HNO,. then HCI-HF. then 
with a turntable placed H,BO, 
inside a fume hood purged 
with compressed air via 
tubing; closed 250 mL 
polycarbonate vessels and 
threads wrapped with 
TeflonTM tape inside a 
polyethylene food container 
sealed with a top to hold 
I2 vessels; all metal parts 
covered with plastic tape; 
safety discussed; 100 
samples/day prepared; 
refractory minerals such as 
quartz, chromite, 
corundum, rutile and zircon 
are only paritally dissolved; 
all elements except Cr, P, 
Mg and Ti can be 
completely recovered: 
tw’o-step dissolution 

Ce, Eu, Cd, La, ICP-ES I 
Nd, Pr. Sm. Y 

U, Th 

Si, Al, Ca, Co, ICP, AAS 3 
Cu. Fe, Mg, Mn. 
Ni, Ti, V 
(I) Ba, Be, Ca, (I) ICPPAES 4 
Ce, Co, Cu, Fe, (2) FAAS 
La, Mn, Ni, Sr. 
Ti. Vi, Zr 
(2) K. Li, Na 
As, Ag, Hg, Pb. AAS 5 
Sb. Zn 

Major, minor and ICP-ES 6 
trace elements, 
oxides 

Ag, Al, As, Au, ICP-OES, 7 
B, Ba. Be, Bi. Fe, dc arc 
Ca, Cd. Ce. Co, spectrography 
Cr, Cu, Ga, Ge, 
In, K, La. Li, 
Mg, MO. Mn. Na, 
Nb. Ni, P, Pb, SC. 
Si, Sn. SK. Ti. Tl, 
V. W. Y. Yb. Zn, 
Zr 



Table 1 (continued) 
Geological samples 
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Sample(s) Digestion mode and special Required reagents 
information:equipment 

Analyte Method of 
analysis 

Ref. 

Powdered carbonate 
rock samples, i.e. 
GFSs: 400 (dol- 
omite), 401 and 402 
(limestones) and 
403 (limestones+ 
dolomite blend); 
NIST SRM 88a 
(dolomite) 

NBS SRMs: 613 & 
615 glass wafers. 
278 obsidian rock 
and 603 K-feldspar; 
US geological 
survery whole rock 
standards: BCR-1 
basalt, GSP-I 
granodiorite. G-2 
granite and zircon 

Sulfide minerals: 
feeds, tailings and 
concentrates (Ni, 
Cu. pyrrhotite) 

G-2 granite and 
MESS-I marine 
sediment, silicate 
and quartz standard 
reference materials 

CEM MDS-IID oven; 
(I) open 120 mL 
TeflonTM-PFA vessels with 
ethanoic acid on a hot 
plate then (2) closed with 
pressure release valves in 
microwave; heating process 
discussed; compared with 
two other author’s work 
(classical methods) and 
certified values 
CEM MDS-81 oven; closed 
60 mL Savillex TeflonTM 
vessels surrounded by a 300 
mL TeAonTM jar; 
discussion of the action of 
microwaves with 
sampleeacid mixture 

Toshiba model ER-800BTC 
domestic oven; closed 150 
mL Savillex Teflonr”‘-PFA 
vessels; compared with 
classical open beaker 
method; incomplete 
digestion for some samples 
especially high silica ones 
such as tailings; eight-fold 
reduction in digestion time 
Panasonic model NE-7970C 
domestic oven; 
lab.-designed, l/2 in. thick 
walls and base. Lorran 20 
mL TeflonTM-TFE bombs 
(Lorran Int.. Porters Lake. 
Nova Scotia, Can., BOJ 
2SO) which do not require 
annealing, machined from 
molded, stress-relieved 
TeflonTMpTFE rods; with 
pressure release seals (250 
psi); vessels are 
hand-tightened; domestic 
microwave pressure cooker 
with a pressure indicating 
stem used to contain 
leaking fumes; compared 
with same vessels in boiling 
water 

(I) ethanoic acid, then (2) 
HF-HNO,. then H,BO? in 
microwave oven again 

HNOImHFmHCIO,. HCI 

K~chlorateeHF~HNO, 
mixture 

Aqua regia HF. then boric 
acid upon dilution 

SiO,, AllO?. AAS 8 
Fe>O?. CaO, 
MgO, NazO. KzO 

Pb and some 
isotopes of Pb 
and U 

Isotope 9 
dilution 
technique 

Cu. Ni AAS 

SiO?, A120J, Cr. GF-AAS 
Zn 

10 

II 
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Table I (continued) 
Geological samples 

F.E. Smttlt. E.A. Arsenault / Tahnta 43 (1996) 1207-1268 

Sample(s) Digestion mode and special Required reagents 
information:equipment 

Analyte Method of 
analysis 

Ref. 

Standard rock sample 
andesite JA-1 

Ga and Ge ores: 
goethite, jarosite, 
hematite and some 
secondary Cu 
minerals; Zn 
processing waste: 
sphalerite. gypsum. 
quartz and anglesite 

Geological: Au and 
Ag bearing ores 

Two fractions of Au 
and Pt group 
bearing rocks i.e. 
metallic and 
non-metallic parts 

Slag, feldspar and 
Ni-Cu alloy 

Geological and 
metallurgical 
materials 

Minerals 

Na?SO,. 
CuPbbZn ores 

A Koizumisango HNO, or aqua regia, then Fe, K. Mg. Mn. AAS 12 
NDR-0500 oven; closed 23 HF, then H,BO, for Si Na. Si 
mL PTFE Parr 4781 bomb determination 
with a pressure release 
mechanism (TeflonTM 
screw, max. pressure 100 
Kg cm-‘) 
Modified Sears Kenmore HF-HNO,. then 
Model 88861 domestic oven H,BO, HNO, 
with an exhaust duct 
vented to a fume hood: 
closed Savillex 50 mL 
TeflonTM vessels; inhibition 
of volatile chlorides being 
formed; 20 samples/h; 
two-step dissolution; 
discussion of volatilization: 
GaCl, and (201°C) GeCI, 
(84°C) 
microwave dissolution 
compared to fire assay 
technique 
A dry chlorination method HF HNO,-HCI 
and wet microwave 
dissolution method 

Ga. Ge 

Au. Ag 

nitrous 13 
oxideeacety- 
lene FAAS or 
EAAS 

14 

Platinum group ICP-MS I5 
elements and Au 

Modified conventional HF--HClO,-HNO,. then Al. Ca. Cu, Fe. AAS, I6 
oven; fumes expelled to a boric acid K, Mg. Mn, Na. ICP-OES. 
fume hood using a CO, gas Ni. Si XRS 
flow through pre-drilled 
holes; turntable used: 
two-stage dissolution; close 
polycarbonate bottles; in 
agreement with certified 
values (rel. std. dev. was 
I ‘!A,): 
Recommendations for the 
development of methods; in 
Russian with only the title 
translated 
Closed vessels: manual and 
robotic control: in Russian 

I7 

I8 

with only the title 
translated 
Microwave heating as an 
alternative in gravimetry: 
also Na,O,-ZnO fusion 
using microwave energy 

S Gravimetry 19 



Table I (continued) 
Geological samples 

Sample( s ) Digestion mode and special Required reagents 
information,equipment 

Analyte Method of 
analysis 

Ref. 

I I ) Ores (-7) blister Cu 

A U-rich sandstone 
CDL-la). a granite 
(BOE). a river 
sediment (SRM 
1645) and a 
nearshore. marine 
sediment (RIID) 

Free silica in a 
K-feldspar matrix. 
quartz. respirable 
dust samples 

Fe ores and slags: 
representative 
CRMs; Fe. C and 
low-alloy steels 

Au-bearing ores 

Stone cutting waste 

NBS: 278 obsidian 
rock, 688 basalt 
rock. 1633 and 
1633a coal fly ash. 
1645 river sediment 
and 1646 estuarine 
sediment 

Closed TeflonTM -PFA HNO,pHCI 
vessels; advantages over 
conventional methods: new 
technology such as lined 
vessels. temperature and 
pressure probes, and 
Row-through systems 
Modified Hitachi MR.6750 HNO,-HCI HF 
domestic oven inside a fume 
hood; closed TeflonrM 
bombs in a sealed box which 
is flushed with compressed 
air: how to digest obdurate 
minerals using Parr bombs 
Closed vessels: procedure for Pyrophosphorlc acid 
determining the quantity of 
free silica in respirable dust 
samples. quartz recovery was 
97% 
Commercial lab. oven; 
selection of acid mixtures 
and vessels: study of 
variables: establishment of 
operating procedures 
PATENT: pulsed microwave Cyanide 
energy technique where the 
Au-bearing ore is exposed to 
pulses for l-30 s with IO 
s-2 min intervals betwecn 
pulses for a total treatment 
of about I h: then leached 
by cyanidation to recover 
Au: Pb and Zn can be 
recovered as well 
Closed PTFE vessels; tiltered HCI HF 
then residue ashed in a clay 
crucible at IOOO’C: weight of 
pr2$l& l 40~,=,,,,,:i’ 

HF. HNO, or HCIO,. or 
oven; closed 120 mL PTFE HF-aqua regia 
vessels; compared with 
high-temperature L&B,O: 
fusion and PTFE bomb 
method using HF. HNO, or 
HCIO, 

(1) As. Cu. Se. Zn (I) ZE-FAAS 20, 21 
(2) Ni (7) AAS 

L. Th. borne Radio-chemical 23 
isotopes (‘YJ. separation and 
z7JU, “‘J-f,. ‘“‘J-h) alphaspe. 

ctrometry 

Free silica 73 

Au. Pb. Zn 

Sic 

24 

25 

Gravimetric 26 

Al. Ba, Ca. Co. ICP-ES 
Cr. Cu. Fe, K. Mg. 
Mn, Na. Ni. SC, Si. 
Ti. V. Zr 

27 



diabase W-l and oven; open TeflonTM or 
basalt BCR-1; NBS polycarbonate beakers inside 
SRM 1632. l632a a Pyrex vacuum desiccator 
and 1635 coals. 
1633 and l633a fly 
ash, 1645 sediment; 
IAEA SRM SL-I 
sediment, polymers 

Geological Field instrumentation for a 
microwave digestion method 
followed by portable AAS 

air. Most of the microwave dissolutions were 
performed using sealed vessels but some studies 
involved the use of pressure release mechanisms 
[8,11,12] and pressure and/or temperature moni- 
tors [11,20,21]. Three of these papers discussed 
the use of specialty dissolution vessels [ 11,20,21] 
while only two discussed the safety aspects of 
using closed vessels and microwave energy [7,28]. 
Some of the closed vessel dissolutions made use 
of containers which enclosed the vessels to pre- 
vent leaked fumes from destroying oven cavities 
[7,9,11,22,28]. Two dissolution methods used 
open vessels such as corundum crucibles [2] and 
TeflonTM or polycarbonate beakers [29]. Fusion 
procedures using microwave ovens are being de- 
veloped [19] and a handbook describing them is 
to be published early in 1996 [332]. 

Despite the widespread use of certified refer- 
ence materials, comparisons were also made with 
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Table 1 (continued) 
Geological samples 

Sample(s) Digestion mode and special Required reagents Analyte 
information/equipment 

Buddingtonite Domestic oven modified by HF HCI Ammonium 
fitting tubing through the Na 
ventilation holes for cavity 
purging with compressed air 
and all exposed interior 
metal parts covered with 
plastic tape; I2 closed 
polycarbonate vessels capped 
with polypropylene screw 
caps inside a PE food 
container; ammonium 
determinations compared 
with those from Kjeldahl 
method: safety discussed 

US Geological Survey Domestic Sears Kenmore aqua regia- HF 

Method of Ref. 
analysis 

K. IC. 28 
potentiometric- 
measurements 
using an 
ammonia- 
specific 
electrode 

Al, As. Ba, Be, Ca,ICP-AES 
Co, Cr. Cu, Fe. K, 
Li, Mg Mn. Na, 
Ni. P. Pb, Si. Sr. 
Ti. V. Zn 

29 

Metals, semi- and AAS. XRF for 30 
volatile organics higher levels or 

inorganics 
- 

other non-microwave-assisted techniques to test 
the reliability, accuracy and precision of mi- 
crowave methods [l-3,5,6,8,10,11,14,15,19,27, 
1291. Discussions of the practicality of the tech- 
nique for automation and robotics [18], flow- 
through systems [20,21] and field instrumen- 
tation for microwave digestions followed by 
portable AAS [30] have been reported. One re- 
port describes a pulsed microwave energy tech- 
nique, followed by cyanide leaching, to recover 
Au, Pb and Zn [25]. 

By judicial adjustment of the various parame- 
ters (choice of acid mixture, power setting, time 
of irradiation) it has been found possible to dis- 
solve most geological samples using the mi- 
crowave-assisted pressure-dissolution technique. 
Precision and accuracy are generally as good as 
or better than those attained through conven- 
tional dissolution protocols. 
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2.2 Biologicul san~ples 

It has become increasingly apparent that trace 
elements play an important role in biological sys- 
tems, sometimes as nutrients and sometimes as 
toxins. There are even reports that they are re- 
sponsible for causing diseases, such as urolithiasis 
[33]. One of the major problems in the determina- 
tion of trace metals in biological materials is the 
dissolution ‘of organic matter. The numerous 
problems associated with the destruction of or- 
ganic matter have been described by Gorsuch 
[314]. When dealing with botanical and food sam- 
ples, similar problems are encountered-the para- 
graphs that follow should be taken to include 
samples of these types as well. 

The high pressure generated using closed vessels 
raises the boiling point of the acid(s) used and 
substantially increases the dissolution rate of these 
organic matrices. For example, nitric acid nor- 
mally boils at 120°C but at 5 atm in a closed 
container, it boils at 176°C when heated by mi- 
crowaves [270]. This is 56°C above its normal 
boiling point and this results in an increase of its 
oxidation potential and speeds up its reactions. 
Under classical hot-plate conditions, the organic 
matrices of biological samples would remain in- 
tact due to the low boiling point of nitric acid. 
Under these circumstances, reagents such as 
perchloric acid would have to be used for the 
complete destruction of the organic matter. 

The closed vessel microwave approach makes it 
possible to avoid the use of perchloric acid which 
is potentially explosive when in contact with easily 
oxidized inorganic or organic materials, expecially 
at elevated temperatures. Great care should be 
taken when heating percholoric acid under pres- 
sure, even by itself-one report [270] has shown 
that closed vessels heated with only 5 mL of 
perchloric acid remain pressurized even after cool- 
ing with liquid nitrogen. Instead of vaporizing 
and condensing like other acids, perchloric acid 
generates chlorine gas via an irreversible decom- 
position reaction when high temperatures are 
reached. The chlorine gas is not easily frozen and 
maintains a high pressure within the vessels. De- 
spite the hazard, some authors do report the use 
of perchloric acid mixtures under pressure for 

decomposition of biological samples (see Tables 2, 
3. and 4). 

Fortunately, pressure dissolutions involving 
other acid mixtures can usually be substituted 
with acceptable results. However, even when 
other acids are used, the considerable change in 
internal pressure generated by the production of 
CO, and NO1 as the organic matrices are decom- 
posed must be anticipated and controlled to pre- 
vent vessel rupture, microwave oven damage and 
possible personal injury. As a safety precaution, 
vessels with some kind of pressure release mecha- 
nism are recommended. Biological, botanical and 
food samples are primarily composed of three 
basic constituents: carbohydrates, proteins and 
lipids. Carbohydrates are the first constituent 
to decompose at approximately 140°C. Next, 
proteins decompose at about 15O”C, followed by 
the lipids at around 160°C [193,270]. At each of 
these temperatures, significant increases in pres- 
sure are recorded with virtually no increase in 
temperature. Thus. for safety reasons and for 
determining the most efficient temperature for 
decomposition, the analyst should have some 
knowledge of the constituents of a sample matrix. 

Abu-Samra et al. [31.32] were the first to report 
the use of a microwave oven for sample dissolu- 
tion, vide supra. They used a nitric-perchloric 
acid mixture to oxidize biological samples in open 
125 mL Erlenmeyer flasks using a domestic mi- 
crowave oven. Since then. numerous articles have 
been published involving the use of microwave 
energy for the dissolution of biological samples 
[31 -93.121,122,125]. Table 2 summarizes these re- 
ports. (See also Table 3 on botanical samples and 
Table 4 on food samples). Some reports describe 
interesting oven modifications [3 l-33,41.87,122]. 
Small holes can be drilled through an oven’s side 
and liner in order to accommodate an exhaust 
port to remove fumes to a scrubber [31,32]. A 
water-jet aspirator can be used to remove fumes 
to a fume scrubber [87.132]. The cavity of an oven 
can also be sprayed with a silicone spray as a 
form of protection [87]. Two dissolution systems 
involved the use of focused microwaves in order 
to increase efficiency and to decrease digestion 
time [36.65]. 
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Table 2 
Biological samples 

F.E. Stttirh. E.A. Ar.tmuult : Tulanla 43 (1996) 1207-1268 

Sample(s) Digestion mode and special 
information:equipment 

Required 
reagents 

Analyte Method of Ref. 
analysis 

NBS CRMs: 1577a 
bovine Liver and I57 1 
orchard leaves. hair, 
fingernail and 
Drosophila 

Urinary calculi 

NBS CRM l577a bovine 
liver 

NIES CRMs: # 5 human 
hair, # 1 pepperbrush. 
# 6 mussel, # 7 tea 

leaves; NIST SRM 
1566 oyster tissue 

NIST SRM l577a bovine 
liv,er 

BCR CRMs: 186 pig 
kidney, 184 bovine 
muscle, 062 olive 
leaves, 060 and 061 
aquatic plants; NRCC 
CRMs: DORM-l and 
DOLT-I fish tissues 
and TORT-I lobster 
hepatopancreas; NIST 
SRMs: 2670 
freeze-dried urine and 
1572 citrus leaves 

NBS: oyster tissue and 
bovine liver: SRMs: 
l643a and l643b water 
samples 

Modified domestic oven; open 125 mL 
flasks; fume scrubber using solid CaO, 
CaCO,. liquid NaOH and water spray 
trap materials were tried; water 
aspirator. vacuum cleaner and a drum 
fan also tried for oven venting: 
Plexiglas box to protect oven from 
fumes 
Sharp (Model R6950 E) domestic oven: 
50 mL flasks covered with small 
beakers ail inside a dessicator 
connected to a fume scrubber using 
NaOH: no loss of any elements: 
excellent agreement with hot-plate 
method 
CEM MDS-81D oven; closed 60 mL 
TeflonTMpPFA with high-pressure 
release valves compared to open glass 
30 mL beakers; powered fixed-torque 
capping station; fumes vented to a 
fume hood via a flexible duct; drying 
Mitsubishi RO-2500 domestic oven; 
closed PFA Tuf-Tainer vials in PTFE 
vessels enclosed in a jacket of 
polypropylene to protect oven from the 
fumes 
Special continuous power output. 
focused microwave system (via a 
waveguide): close stainless steel jacketed 
28 mL tetrafluoro-metoxillPTFE 
vessels (m.p. 350-380°C) in a ceramic 
vessel liner: rupture discs; fluid cooling 
system for pre- and post-digesting 
cooling of vessels; internal and external 
antennas provide coupling of 
microwave energy between a magnetron 
and the sample and acid(s) 
Panasonic (Model NN-850718557) 
domestic oven with a rotating antenna 
for homogeneous microwave 
distribution; used closed PTFE Parr 
478 bombs and results in agreement 
with certified values 

HNO,-HCIO, 

HNO,mIH,Oz 

HCllHCIO,- 
HNO,pHF, 
NAOH in the 
outer PTFE 
vessel 
HNO,, can also 
use H2S0, due 
to the higher 
melting point of 
the 
TFMPPTFE 
polymer vessel 

HNO,-HCI, 
then NaOH for 
pH adjustment. 
NaCIO, and 
butfer 

As, Co, Cr, Cu, 
Pb, Se, Ni. Zn 

Al, Ca. Cu, Fe. 
K. Li. Mg. MO, 
Mn. Na, P. Pb, 
S. Sr, Zn 

Fe 

Al, Cu, Fe, 
Mn. Zn 

residual C 

Ni 

AAS. NAA 31, 32 

ICP-AES. 
XRD 

33 

AAS 34 

ICAP 35 

Microcoulo- 
meter. 
Knobloch 
apparatus, 
elemental 
analyzer 

36 

ICP-AES 37 

Domestic oven; 23 mL Parr TeBonTM HNO, Cd. Cu, Fe, Pb, AAS 
bombs (maximum pressure 1200 psi); Zn 
30 s dissolutions 

38 
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Biological samples 
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Sample(s) Digestion mode and special 
information/equipment 

Required 
reagents 

Analyte Method of Ref. 
analysis 

NBS SRM 1577 bovine 
liver; NIES CRM # 6 
mussel. # I pepperbush 
and # 7 tea leaves 

Mitsubishi RO-2500 domestic oven; 
capped 7 mL Tuf-Tainer PFA vials 
inside closed 50 mL TeflonTM-PFA 
vessel all enclosed inside a 
polypropylene jacket: can digest 500 
mg samples 
Prolabo Microdigest 300 oven; 
borosilicate glass flasks; 5 min. 
two-step dissolutions; optimum amount 
of HF required for best recovery was 
found to be I mL for a I g sample 
Modified domestic oven with a plastic 
turntable and fumes directed to a fume 
hood; closed 50 mL PTFE centrifuge 
tubes; annealing method for vessels 
(200°C for 96 h) 
CEM MDS-81D oven; closed 120 mL 
PFA TeflonrM vessels with pressure 
release valves, collection vessel. tubing 
and powered fixed-torque capping 
station; multi-stage dissolutions 
Moulinex 430 commercial oven and a 
Milestone microwave system 
(MLS-1200 MEGA): four digestion 
procedures using 25 mL Parr bombs 
(max. pressure 8 x IO6 Pa) and MRD 
1000/6/100/1 IO TeflonrM vessels (max. 
pressure I I x IO6 Pa) 

HNO,-HCll Ca, Cu. Fe, K, AAS 39 
HCIO,-HF Mg, Mn, Na, 
mixture Zn 

Fish muscle. IAEA 
MA-M-2/TM 
lyophilized muscle 
tissue 

Serum, NIST SRM l577a 
bovine liver 

Human plasma, NIST 
CRMs: 1572 citrus 
leaves, l567a wheat 
flour 

Mussel, tobacco, peat. 
pine bark, ryegrass, 
apple, rice, vine leaves, 
cotton, hay, lettuce, 
flour. skim milk 
powder-spiked, 
BCR # 61, BCR # 60, 
pepperbush. NIST 
SRM 1548 and SRM 
1573a, baby food 

Hemodialysis water 

Pig liver Closed vessels 

Biological. food, botanical 
Pig liver 

Open vessels 
Closed PTFE vessels; cooled in an ice 
bath 

CRMs: l577a bovine 
liver. 1572 citrus leaves, 
1575 pine needles, 
NIST 1648 urban 
particulate and I576a 
flour. BCR CRMs: 186 
pig kidney, I84 bovine 
muscle. 62 olea 
europae, 60 
lagarosiphoumajur, I50 
milk powder, I41 soil 
and 185 sediment 

Biological and some 
SRMs 

Semi-closed 3 mL TeflonTM tubes 
sealed only by TeflonTM tape mounted 
on a tray inside a Sterilite box, which 
was covered inside with a transparent 
plastic film; two-step dissolution 

Closed TeflonTM vessels Ni 

HNO,, or Hg 
HNO,pH>SO, 
or HNOj- 
HzSO,-H,O, 

HNO,-HISO,, As, Se 
then HzO: 

CV-AAS 40 

HG-AAS 41 

HNOj-HCI B ICAP 42 

HNO,. HF. B, Cu, Fe, Mn. ICP-ES, 43 
H,Oz. HCIO, P, Pb. Zn FAAS, 
and mixtures of GF-AAS, 
these depending ET-AAS 
on the sample 

we 

HN0,mH,02 

HNO,-H20, 

Al 

Fe, Mn, Se 

Mn, Fe 

DPP. 
GF-AAS 
FAAS, 
HG-AFS 

FAAS 

44 

45 

46 
47 

HNO,-H20z, Cu, Cd, Fe, Ze-GF-AAS 48 
then aqua Mn, Pb 
regiaaHF, boric 
acid 

ETA-AAS, 49 
ICP-AES 
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Table 2 (continued) 
Biological samples 

Sample(s) 

Human vertebrae, NIST 
SRMs: 1577 bovine 
liver and 1573 tomato 
leaves 

Biological. and 5 NBS 
standard reference 
materials 

Feces, urine 

Human semen, NIST 
1577a bovine liver 

Biological. NIST SRMs: 
1570 spinach, 1571 
orchard leaves. 1572 
citrus leaves. 1573 
tomato leaves. 1575 
pme needles and 1577a 
bovine liver; BCR 63 
milk powder; IAEA H4 
animal muscle 

Marine organisms. RMs: 
soils, sediments, wheat 
flour, citrus leaves. 
copepod homogenate. 
fish flesh homogenate. 
mussel tissue, olive 
leaves 

SRMs: oyster tissue, 
bovine liver. milk 
powder, flour 

SRMs: cod muscle. 
muscle tissue, orchard 
leaves, fish flesh, lobster 
hepatopancreas, bovine 
liver and muscle, bread. 
milk powder and 
spruce needles; red 
cabbage, blood. urine. 
cooking oil, human 
breast milk 

Biological 

F.E. Smith. E.A. Arsenault /’ Talanta 43 (1996) l-707-1268 

Digestion mode and special 
informatiornequipment 

Required 
reagents 

Analyte Method of 
analysis 

Ref. 

All TeflonTM coated microwave 
digestion system 

Compared with conventional 
procedures 

Sharp R-9280 oven; open crucibles; 
testing of the chelating effect of 
1,2-dimethyl-3-hydroxy-pyrid-4-one for 
Fe overloaded rates 
Compared with conventional method 

Amana RS 560A domestic oven with 
rotating antenna for homogeneous 
microwave distribution; closed 60 mL 
TeflonT” vessels (Model 56 1 R2, 
Savillex Corp.. Minnetonka, Ml, USA); 
safety vessels of 7.5 mL of vegetable 
oil:100 mL sample for excess 
microwave absorption; essentially the 
same accuracy and precision with only 
slightly higher detection limits as 
compared to the regular oven TeflonTM 
bomb method 
Programmable Milestone MLS 1200 
microwave oven; closed 120 mL PTFE 
bombs with pressure release valves (100 
psi) and reflux system; recovery 104’%1 
and precision 1% 

HNO, 

HNO? with 
9ppm Y as an 
internal 
standard 

HNO,pHCl. 
then HzOz, and 
HNO, for reflux 
system 

Ba, Bi, Cd, Co, 
Cs. Cu. MO, 
Mn, Pb. Sr, Th. 
Tl, U. Zn 
Al. Ca, Cu. Fe, 
K, Mg, Mn. 
Na, P, Sr. Zn 
Fe 

Cd, Cu, Cr. Pb, 
Zn 
As, Ba, Br, Ca. 
Cr, Cu. Fe. K. 
Mn, MO. Ni, 
Pb, Rb, Se, Sr. 
Ti. V, Zn 

As. B, Ba, Cd, 
Co. Cr. Cu. Fe, 
Hg, Mn, Ni. 
Pb. Sb. Se. 
Sr, Zn 

Radarange domestic oven with a HNO, Hg 
rotating antenna placed in a fume 
hood; lidded plastic box inside: closed 
60 mL TeflonTMpPFA vessels, 
three-step dissolution 
Buchi MLS 1200 domestic oven and a HN0,pHCI04- As. Cd, Co. 
CEM MDS 8lD oven: with PMD H?SO, Cu. Ni, Pb 
(Pressurized Microwave Digestion) 
quartz vessels with TeRonTM caps (by 
Paar. Graz, Austria); vessels have 
cooling unit, a piston indicating 
pressure and a sensor that shuts otf 
power to the oven when 85 bar IS 
attained until pressure is reduced: 
cooling unit: 10 samples at a time 
TeflonTM autoclaves Twenty-four 

trace elements 

ICP-MS 50 

ICP-AES 51 

GF-AAS 52 

GF-AAS 53 

PIXE 54 

ICP-AES, 55 
GF-AAS 

CV-AAS 56 

HG-AAS, 57 
DPASV 

ICP-AES, 58 
ET-AAS 
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Biological samples 
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Sample(s) Digestion mode and special Required 
information/equipment reagents 

Analyte Method of Ref. 
analysis 

SRMs: oyster tissue. rice 
flour, wheat flour, 
bovine liver, human 
urine 

CRMs: bovine liver, pine 
needles 

SRMs: feces, citrus 
leaves. wheat flour and 
mixed diet 

NBS bovine liver; several 
hundred fish tissue 
samples (liver. muscle 
and kidney). plant. soil 
and plasma samples 

Bone and teeth 

NRCC lobster 
hepatopancreas. marine 
biological reference 
material TORT-l 

Alfalfa, hevea leaves. 
mixed feed. tuna fish. 
SRMs: mussel and fish 
flesh homogenate, 
animal muscle, milk 
powder. bovine liver 
and wheat flour 

Biological NBS and CBR 
samples 

Modified CEM MDS 81 oven (a 360” 
reversing turntable, 12-position 
carousel. variable speed exhaust fan to 
remove fumes to a fume hood via a 
PVC hose mounted at the back wall of 
the cavity and a flexible and a rigid 
stainless stell waveguide attenuator 
cutoff grounded and mounted at the 
cavity wall to proved access for 
temperature and pressure lines): closed 
60 mL Teflon’“-PFA vessels (Savillex) 
with temperature (thermocouple) and 
pressure (transducer) probes: 
annealation of vessels; computer 
monitored system: reaction control 
techniques and safety precautions 

CEM MD.%81D oven with a rotating 
turntable and variable-speed exhaust 
fan; closed 120 mL TeflonTM-PFA 
vessels (CEM Corp.); compared with 
traditional HNO,-HCIO, method 
Domestic oven; closed 60 mL Savillex 
TeflonT”-PFA vessels (Savillex) placed 
inside a wide-mouth plastic container 
closed with a screw cap 

Moulinex (Model Micro-chef FM 2515) 
domestic oven; closed 23 mL Parr 4781 
TeflonTM bombs; cleaning of vessels; 
the first time that Ba and Cd levels in 
teeth have been reported 
Commercial CEM MDS-81 oven: (I ) 
closed 120 mL TeflonTM-PFA vessels 
with pressure release valves; (2) closed 
23 mL Parr TeflonTM bombs and (3) 
closed 100 mL Berghof PTFE vessels 
with rupture foil; 11 mL sample cups 
and an all PTFE microsampling device 
Automated focused microwave Prolabo 
A-300 digestion system equipped with 
two pumps for the addition of 
reagents: digestion and extraction using 
150 mL Kjeldahl flask topped with a 
50 mL reservoir and vertical condenser; 
compared with conventional method 

HNO,. H,SO,. 
HCl 

HNO,mHCl. 
with and 
without HF. 
HCIO, or 
H202 
HNO,pH:SO, 

HNO, 

HNO,pHzOz 

HNO,. HCIO, 

Power 
absorption tests 

59 

Trace elements 60 

Ca. Cu, Fe. K, ICP-ES 
Mg. Mn, P, Zn 

61 

Ca. Cd, Cr. Cu. FAAS 
Fe, Pb, Zn and 
1 in Plasma 

62 

( I) Ce, Fe. K. ( 1) AAS 63 
Mg. Na. Zn (2) GF-AAS 
(2) Ba, Cd. Pb 

As, Cd. Co, Cr, FAAS, 64 
Cu, Fe. Mn. ZE-GF-AAS. 
MO, Ni. Pb, Se, carbon 
Sr. V, Zn analyzer, 

CO? 
Coulometer 

Se ET-AAS 65 

As, Na, Ca. FP-ICP 66 
Cd, Cu. Fe, K. 
Mg, Mn. Pb. 
Zn 
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Table 2 (continued) 
Biological samples 
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Sample(s) Digestion mode and special 
information/equipment 

Required 
reagents 

Analyte Method of 
analysis 

Ref. 

Freeze-dried mussel, tea 
leaves, lotus-seed flour, 
SRMs: tea leaves and 
mussel 

Haemodialysis water 

NIST SRMs: liver and 
oyster; IAEA-CRM: 
human animal muscle 

Eight octocoral species 

Three NIST SRM bovine 
livers and one of 
orchard leaves and 
IAEA animal muscle 

Human bone 

NIST SRM 1577a bovine 
liver; BCR CRMs: milk 
powders 150 and 151, 
olive leaves 62, sewage 
sludge 146, bovine 
muscle 184; SRMs: 
1575 pine needles and 
1566 oyster tissue; fiish 
muscle, pig kidney, 
peas, kale, lettuce 

NIES CRMs: No. 6 
mussel and fish tissue 

CBR CRM 278 mussel 
tissure, fish 

Mussel products, NIST 
SRM 1556a oyster 
tissue; CBR CRM 278 
mussel tissue 

Closed PTFE vessels 

Commercially available CEM 
MDS-8lD oven; comparison of closed 
7 mL Parr-type PTFE bombs and 
closed TeflonTM-PFA vessels with 
pressure release valves 
Panasonic NE-6660C conventional oven 
with a rotating turntable; closed 23 mL 
TeflonTM PFA Parr bombs 

Panasonic NE-7660/6660 domestic oven 
with a rotary tray; drying of samples; 
closed 200 mL thick-walled Pyrex glass 
test tubes with screw caps; compared 
with conventional sample drying and 
dissolution 
CEM MDS-81 D oven; closed TeflonTM 
Parr bombs and 120 mL TeflonTM 
vessels with pressure release valves; 
two-step dissolution; problem in 
determining Al due to the detection 
limits of the methods 
CEM MDS-8lD oven; closed 7 mL 
machined, and PTFE vessels with 
pressure release valves 
Domestic oven: closed 25 mL PTFE 
vessels (max. pressure 10 bar, supplied 
by Valtech Plastics. Thirsk); study of 
the stabilizing effects of Ru and Pd 
modifiers for retaining volatile analyte 
species during the charring step and for 
removal of interfering matrices; Ru 
better and retains volatiles 200-500°C 
higher than normal 

Delonghi MW-155 domestic oven; HNO,-H,SO,, 
closed PTFE vessels in a lidded plastic then H,Oz: 

HNO,, HCIO,. 
HF, H,O,; 
mixtures 

HN0,mH,02 

HNO,. HzOz 

HW, 

HNO, 

HNO,-H,O, Al 

HNO, Ag, Cd, Cu, Fe. ZE-GF-AAS, 73 
Ga, Hg, Mn, ET-AAS, 
Pb, Sb. Se FANES 

Multi-elements ICP-AES 

Al GF-AAS. 
DPP 

Al, As, Ba, Ca, ICP-MS 
Cd, Ce, Cr, Cs. 
Cu, Fe, La, Li, 
Mg, Mn, Ni, 
Rb, Sb, Se, Sr, 
MO, Tl, V, Y. 
Zn 
Cd, Cu, Ni, Pb, GF-AAS 
Zn, total 
organic C 

AI. B, Ca, Co. ICP-AES 
Cr. Cu, Fe, K, NAA 
Mg, Mn, Na, 
Ni, P, Pb, S, 
Zn 

DPP, 
GF-AAS 

67 

68 

69 

72 

Se 

box to protect the oven from fumes NazSO,, KIO,, 

Moulinex FM-460 oven; closed PTFE 
WA 
HNO, Hg 

Parr bombs (model 4782); 90 s 
dissolution 
Bauknecht (Model MWT-732) domestic HNO,-H20, As 
oven; closed 120 mL PTFE vessels 
compared with dry mineralization; 
moisture determination (drying) 
compared with conventional method 

DPP 74 
compared 
with 
HG-AAS 
CV-AAS, 75 
HG-AAS 

GF-AAS 76 
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Table 2 (continued) 
Biological samples 

Sample(s) Digestion mode and special Required 
information/equipment reagents 

Analyte Method of Ref. 
analysis 

NIST SRMs: bovine liver 
1577a and citrus leaves 
1572; breakfast cereal 
mix 

NBSs: oyster tissue 1566, 
bovine liver 1577. 
spinach 1570, citrus 
leaves 1572. tomato 
leaves 1573, pine 
needles 1575, what 
flour 1567. rice flour 
1568; apple leaves 

NBS SRM 1577a bovine 
liver 

Prolabo Microdigest A-300 digestion HNO,-H20, 
apparatus (Rhone Poulenc, Prolabo and sometimes 
Division Paris, France): oven vessels; H$O, as well; 
programs for sample type; compared no need for 
with hot plate method HCIO, 
CEM MDS-81 oven; closed 100 mL HNO,, then 
volumetric flasks HzO, 

CEM microwave digestion system: 
closed 60 or 120 mL PFApTeflonTM 
vessels by Savillex; temperature 
measurement via a fibreoptic 

HNO, alone or 
with HCIO, 

Ca, Cu, Fe, K, FAAS 
Mg. Mn, Na, 
Zn 

77 

Ba, Ca, Cr. Cu. ICAP-ES 
Fe, K. Mg, 
Mn, Na, Ni. P. 
S. Zn 

78 

Residual UV/vis 79 
organic species, spectrophoto- 
Cu. Zn meter, 

voltammetry, 
HPLC thermometer and pressure via a 

pressure sensor; vessels cooled in a dry 
ice-ethanol bath; residual organic 
species in a nitric acid digest identified 
which are destroyed if perchloric acid 
used (atmospheric pressure) 

Femur and parietal (skull) Domestic oven; open 125 mL flasks: HNO, Pb FAAS 80 
bones from 48 female 
rats, food 

Archaeological bone 
(ancient skeletal 
remains) 

Pig liver 

Bone and brain tissue 

NRCC: (I) lobster 
hepatopancreas 
(TORT- 1) and 
(2) marine sediment 
(MESS-l) 

rats given various concentrations of Pb 
in their drinking water 
Open 25 mL conical flasks; samples 
cleaned ultrasonically 

Closed 30 mL PTFE vessels: vessels 
cooled in an ice bath 
I h predigestion at 200°C then 6 min 
with HNO, in closed PFA vessels; 
improvement in detection limits for Al; 
digestion time, blank levels of A 1 (I 0 
to I ppb) and amount of acid required 
(reduced ~O”/U) were decreased 
CEM MDS-81 commercial oven; closed 
120 mL TeflonTM-PFA vessels (CEM) 
with and without pressure release 
valves (75585 psi); pressure 
measurements via a CEM PM pressure 
transducer attached to one of the 
digestion vessels with a pressure sensor 
designed to open if internal pressure 
within the line reached 100 psi; capping 
station; all vessels annealed; one or two 
stage dissolutions and subsequent 
evaporation on a hot plate (I) 
compared with hot-plate method (2); 
safety .discussed 

HNO, followed 
by HCIO, 

St FAAS 81 

HNO,-H,02 Mn, Fe FAAS 

HNO, Al GF-AAS 

(1) 
HNO,pHCIO, 
or (2) 
HNO,pHClO,p 
HF 

(1) As, Cd. Co, 
Cr, Cu. Fe, 
Mn. Ni. Pb, Se, 
Zn (2) same as 
above; total 
carbon in 
TORT-l 

FAAS, 
GF-AAS. 
ICP-AES. 
total carbon 
analyzer, 
ICP-MS, 
ASV (using 
two-stage 
digests) 

82 

83 

84 



1222 F.E. Smith, E.A. drsrnault / Talanta 43 (1996) 1207-l-768 

Table 2 (continued) 
Biological samples 

Sample(s) Digestion mode and special 
information/equipment 

Required 
reagents 

Analyte Method of Ref. 
analysis 

NBS SRM 1577 bovine 
liver 

Human blood 

(1) Human teeth (2) 
Swordfish and Tunafish 

Human blood (plasma 
and red cells) 

NIST SRMs: 1577 bovine 
liver, 1566 oyster 
tissue, 1571 orchard 
leaves, 1570 spinach, 
1572 citrus leaves, 1549 
non-fat milk powder; 
IAEA: H-4 animal 
muscle, A-11 milk 
powder, V-IO hay, H-9 
mixed human diet, 
total diet samples: 
NIES CRM-3 chlorella: 
RM-127 potato 
powder. RM-8 wheat 
flour. RM-115 animal 
muscle, RM-121 milk 
powder; whole egg and 
milk powder, wheat 
gluten, bovine muscle 
powder, corn bran, 
durum wheat flour; 
USDIET-I and II; 
DBW-9a and -1 la 
Swedish diets 

Domestic Philips AKB 100 oven; open 
conical flasks heated to near dryness; 
criteria for sample preparation and 
suitability of sample solution for ICP 
analysis discussed: compared with 
conventional extraction with HNO,, 
solubilization in tetramethylammonium 
hydroxide, digestion with H,Oz and 
HC IO,, digestion in TeflonTM-lined 
steel bombs, low-temperature ashing 
and muffle furnace ashing; safety 
discussed 
Domestic oven; stable tracer ‘*Fe 
technique for iron utilization studies in 
man; open 250 mL Erlenmeyer flasks 
heated to dryness then dissolved with 
HCI. buffered with Na citrate. reduced 
with hydroquinone and complexed with 
1. IO-phenanthroline 
Modified domestic oven with its cavity 
sprayed with silicon, a Pyrex jar used 
as an interior cavity and a Nalgene 
# 6140 aspirator used to remove fumes 
from the cavity to a fume trap and a 
KOH scrubber; (1) 30 open ASV cells 
(Pyrex 20 x 85 test tubes) taken to 
dryness (2) open 125 mL Erlenmeyer 
flasks with a small funnel: blank Pb 
levels lowered from 9 ng (hot plate) to 

5 ng 
Domestic oven, open 125 mL flasks; 
measurement of the extent of 70Zn 
enrichment in plasma samples in man 
Domestic Admiral oven; closed Parr 
bomb equipped with pressure release 
valves; cooled in a refrigerator; safety 
discussed 

HNO,-HCIO, Cd. Cu, Fe, 
Mn, Pb, Zn 

ICAP-AES 85 

HNO,pHClO, “Fe 

(1) HNO,p (1) Pb 
HClO,-H,SO, (2) Hg 
(2) HNO,- 
H,SO, 

NAA, 86 
UV/vis 
spectrophoto- 
meter for 
complexed Fe 

(1) ASV 87 
(2) CV-AAS 

HNO,pH>O, 68Zn and ‘“Zn NAA 88 

HNO, I PNAA 89 
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Table 2 (continued) 
Biological samples 

Sample(s) Digestion mode and special 
information:equipment 

Required 
reagents 

Analyte Method of Ref. 
analysis 

NIST 1577a bovine liver HNO, Se ZE-AAS 90 
Human head hair of 53 Domestic Philips AKB 100 oven: HNOJmHCIO, Pb FI-AAS 91 

gas station workers and microwave dissolution (NaOH 
an equal number of scrubber) in open test tubes before 
controls flow-injection/ASS Pb determination: 

hair washed first with EtOH and water; 
etlects of washing, sample digestion of 
procedures. head sampling site. hair 
color, age, smoking habits and 
duration of exposure to Pb discussed; 
Pb content of gas station workers 
almost three times higher than normal 
controls 

NBS SRM 1577 bovine Domestic Mitsubishi RO - 2500: closed HNO,-HClO,- Ca, Cu. Fe. K, FAAS 92 
liver; NIES CRMs: # 6 7 mL TeflonTM-PFA vessels HCIPHF Mg, Mn. Na, 
mussel, # I Zn 
pepperbush. # 7 tea 
leaves 

Protein samples Evaluation of microwave-assisted HCI Amino acids 341 
protein hydrolysis protocol 

Protein samples Comparison of the recovery of amino HCI, Amino acids 342 
acids after vapor phase hydrolysis of 
proteins in a Pica Tag apparatus and a 
microwave hydrolysis system 

Biological tissue Direct detection of seleno-amino acids HCI Seleno-amino Anion 344 
containing seleno-amino following microwave-assisted hydrolysis acids exchange 
acids electrochemic 

al detection 
Non-defatted lobster HNO,-H,02 Seven trace ICP-MS 93 

hepatopancreas tissue elements, Hg 
LUTS-1 

Three papers discussed vessel annealation 
methods [41,59,84] which is important for de- 
creased vessel porosity and increased strength. 
Gil et al. report the first simultaneous determi- 
nations of both barium and cadmium levels in 
teeth-they used a domestic oven and 23 mL 
Parr TeflonTM bombs [63]. Closed vessels were 
sometimes cooled using an ice bath [82], a re- 
frigerator [89] or a dry ice-ethanol bath [79]. 
This allowed for the opening of vessels sooner 
than normal due to reduced vapor pressures. 
Safety concerns when using closed vessels were 
discussed in only three papers [59,85,89]. Open 
vessels were used less often but can provide 
complete dissolutions fairly quickly depending 

on the sample type [31-33,40,46,48,52,65,77, 
80.81,85-88,91,122]. 

Sometimes special equipment was required 
and installed, such as fume scrubbers [31- 
33,87,9 1,122], vessels with pressure release mech- 
anisms [34,36,42,55,64,71,72,84,89] and pressure 
and temperature monitors [57,59.79,84]. Other 
equipment included containers which enclose dis- 
solution vessels to protect the microwave oven’s 
cavity from leaking fumes [35,39,56,74,87], disso- 
lution vessel cooling systems [36,57] and auto- 
matic capping modules [84,201]. One particularly 
noteworthy report [36] describes the design, con- 
struction and testing of a special vessel which 
incorporates a microwave source inside a stain- 
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Table 3 
Botanical samples 

Sample(s) Digestion mode and special 
information/equipment 

Required 
reagents 

Analyte Method of 
analysis 

Ref. 

Oilseed rape stems, maize, 
wheat, barley 

Barley straw. carnations, oak 
leaves, pine needles and rye 
grass 

Standard reference materials; 
plant materials 

Plant material and standard 
reference materials 

Algae, seagrasses, fresh water 
and terrestrial plants, 
spermatophyta leaves, wood, 
rhizomes, roots and bark, 
NBS SRMs: pine needles and 
citrus leaves. Pinus radiafa 
leaves 

Plant tissues-BCRs: # 279. 
# 62 and # 60; IAEA V-IO 

hay; halophyte Asrer 
tripoliurn 

NIST SRM citrus leaves 
# 1572: agricultural crops: 

ryegrass, alfalfa, stargrass, 
bahiagrass, leucaena 

TeflonTM-lined microwave bombs 
(Scientific & Medical Products, 
Manchester. UK; max. pressure 
7.6 x IO5 Pa and 180°C); compared 
with conventional method 
Microwave dissolution compared 
to classical method 

Commercial lab. microwaveeacid 
digestion system; closed 
TeflonTM PFA vessels with 
pressure release valves; compared 
with a dry ashing procedure; did 
not result in complete 
mineralization of samples although 
good results were obtained for the 
metals studied 
Open vessels; effects of acidic 
digestion mixtures upon 
dissolution; reaction vessels and 
power levels; procedure optimized 
Modified Sanyo EM-840 domestic 
oven placed inside a fume hood: 50 
mL Nalgene FEP (fluorinated 
ethylene propylene) TeflonTM 
vessels buried to half their height 
in a Pyrex container and sand; a 
glass water vacuum pump attached 
to TeflonTM tubing to vent oII 
fumes from the container; 
instrument availability, purchase 
price, operating costs, acid volume 
and number of samples per hour 
compared to classical methods; 
safety aspects 
CEM MDS-8ID oven; closed 120 
mL Teflonr”-PFA vessels with 
pressure release valves (max. 
pressure 120 psi) 
CEM MDS-8ID oven; 13 different 
power levels and times of exposure: 
closed 120 mL TeflonTM -PFA 
vessels (exhaust ports in the centre 
of the lids) with pressure rupture 
release discs; compared with dry 
ashing and H$O,-H202 wet 
digestion; diagrams of microwave 
vessels and system 

NaOH, then 
HCI for pH 
adjustment; 
extracted with 
ethyl acetate 

HNO,pHCI 

Various acids 97 

HNO,-HCIO, Ca. K, Mg, P, ICP-ES 
S 

98 

HNO,pHCI, 
or HNO, 
alone 

HNO,mHCI 

Total phenolic Extraction 
acids 

94 

Four major ICP, ICP-MS 95 
and six trace 
elements 
Ca, Cu, Fe, FAAS 96 
Mg, Mn, Zn 

Ca. Cd, Cu, FAAS, 

Fe, K. Mg, GF-AAS 
Mn. Na, Pb. 
Zn 
Ca. Cu. Fe, K. ICP 
Mg, Mn, P. 
Zn 

99 

100 



Table 3 (continued) 
Botanical samples 

Sample(s) Digestion mode and special 
mformation:equipment 

Required 
reagents 

Analyte Method of 
analysis 

Ref. 

NIST SRMs: 1572 citrus leaves. 
1575 pine needles. 1573 
tomato leaves and 1567 
wheat flour 

High organic content sample: 
sweet bay 

Plant materials: six ditrerent 
reference materials 

Plant tissue and CRMs 

Plant material. reference 
materials: NIES rice flour 
10~; IAEA V-IO hay and 
NBS wheat flour 

NBS SRM plant samples: citrus 
leaves and peach leaves: 
(NH,),ZSO, 

CEM MDS - 8 ID oven: 
semi-closed 120 mL TeflonTh’ 
vessels with an exhaust port wtnch 
allow the addition of H,O, and 
HCI without removing the screw 
cap lids: TeflonTM coated oven 
cavity; compared with an open and 
closed (bomb) microwave method: 
three-step dissolution; ?6- 48 
samples person,day 
CEM MDS-8 1 D oven; semi-closed 
120 mL TeflonT~’ PFA vessels 
covered w,ith a predigestion refluv 
condenser or a cold finger 
assembly cooled using chilled 
heptane for preventing excessive 
pressure when samples are later 
digested under pressure; entering 
and leaving temperatures of 
coolant heptane measured by a 
Technosyn temperature probe: 
pressure monitoring via an exrrrnal 
transducer (Sensym SXI 5ODN ): 
diagrams of both condenser and 
fm’ger assemblies 

HNO,. then 
H,O,. then 
HCI 

HNO,. hcp- 
tane (chilled in 
a cardice with a 
CO,-methanol 
slurry) 

Closed TeflonTM PFA vessels: HNO,mHCl, 
method is dependent on the sample or HNO, 
type and elements to be determined HF-H,O, 

A dissolution method HIS 
developed without the use of 
H2S0, and/or HCIO, which create 
various molecular species which 
overlap with several important 
isotopes 
CEM MDS-81 D oven; closed I20 
mL Teflon’r”‘m PFA vessels: 
four-step dissolution; precision and 
accuracy good enough for the 
application to long-term tracer 
studies with stable isotopes of Mo 
CEM MDS ~ 81D oven: closed 
120 mL Teflon TM PFA veshels 
with pressure venting system: 
special cap with two ports for 
pressure and temperature 
(fibre-optic-fluoroptic thermometrb 
system) monitoring: fumes vented 
to a fume hood via PVC piping: 
capping machme; comparison with 
wet ash digestion 

HNO, 

HNO, then 
perhydrol. 
spiked solution 
(“‘MO-enriched 
aqua regia) 

HNOi HCI. 
and 
HNO, H202 

Al, Ca, Fe. K. ICP-AES 
Mg. Mn, Na. 
P. s 

101 

Mn FAAS 102 

A I, Ca. Cr. FAAS. 103 
Cu. Fe. K. DCP-AES 
Mg. Mn. Si. 
Ti. Zn 
Cr. Ni and ICP-MS 
other elements 

104 

MO and MO 
isotopes 

ID-MS 

S ICP 

105 

106 
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Table 3 (continued) 
Botanical sample5 

Sample(s) 

Plant materials: citrus leaf 
standard, peach and tomato 
leaves: (NH,)ZB,0,.H20 

Wood and wood-based 
materials (plywood and 
particleboards) 

Plants, food 

Plants and biological fluids 
Eight peat samples 

NBS SRM 1571 orchard leave5 

DigestIon mode and special 
information equipment 

CEM MDS ~ 81D oven: closed 
vessels compared with dry aah 
digestion 
Non-destructive method based on 
measuring microwave attenuation 

Comparison with other 
decomposition techniques such as 
acid-oven. pressure. plasma and 
LIV dissolutions 
Open I75 mL vessels 
CEM MDS-81 commercial oven; 
four closed 60 mL Savillex 
PTFE-PFA vessels. two to a set 
of Nalgene 16-500 polypropylene 
bottles with loosely closed lids: 
sample heated with HNO, on a 
hot plate at 130°C then mslde 
nalgene bottles in a microwa\c 
oven with HCIO,. cooled. then 
again in the oven with HF. then 
brought to dryness on a hot plate. 
compared with conventional 
hot-plate and dry ashing methods; 
caution advised: new method 

Required 
reagenta 

Analyte Method of 
analysis 

Ref. 

HNO,. then 
H,O, 

B. S ICP-ES 107 

Moisture I08 

Mineral acids Heavy metals 109 

HNO,- HCIO,, Se INAA 110 
HNO, then Al. Ca. Cu. FAAS III 
HCIO, then Fe. K, Li. Mg. 
HF (the Mn. Na, Zu 

greater the 
silicate 
content. the 
greater the 
amount of HF 
used ) 

requires only 2 h compared to 30 h 
on a hot-plate with 45 mL of acid 
Open vessels: digests analyzed HNO, HCIO, Cr. Cu. Pb. Zn CRA and 
using a CRA and Woodritf and a few Woodrif 

furnace: acid fumes exhausted to a drops of HF furnace 
fume hood GF-AASs 

less steel jacketed vessel lined with TFM-PT- 
FET”. Inside the vessel, a steel waveguide focuses 
the microwave energy directly onto the sample. 
Operating temperatures of up to 350°C are attain- 
able. 

Much of the research has included results from 
standard reference materials for verification pur- 
poses. In addition, much of the development work 
was carried out in paralled with a more tradi- 
tional method, and the results of the two methods 
compared [33.51,53.61.65,70.76,77,84,85,121,122]. 
In addition, there are reports of studies on biolog- 
ical materials involving drying [34,70,76], automa- 
tion [65], a Kjeldahl apparatus/technique [249] 
and reflux:‘extraction systems [55,65]. The use of 

112 

microwave-transparent, inert, closed vessels for 
sample dissolution appears to be the method of 
choice for the destruction of organic matter. Loss 
of analyte by volatilization or adsorption onto the 
walls of the vessel is negligible despite the genera- 
tion of the high pressures and temperatures asso- 
ciated with the technique. In most instances, the 
high pressures and temperatures result in com- 
plete dissolution of the organic matter which of- 
ten remains after dissolution by conventional 
techniques. There are some reports of the use of 
microwave ovens for protein hydrolysis (particu- 
larly vapor phase) prior to amino acid analysis 
[341-~3441. In view of the long reaction times 
required for conventional protein hydrolysis, this 



Table 4 
Food samples 

Sample(s) Digestion mode and special 
information;equipment 

Required 
reagents 

Analyte Method of 
analysis 

Ref. 

Brine shrimp (adult Artrmitr Modified Penney RE-705TC 

SP.) domestic oven; open 

Meat. oatmeal 

Food 

SRM IAEA A-II full-cream 
milk powder; soyabean flour. 
chocolate cream, milk 
chocolate. peanut butter. 
sunflower oil. linseed 

Food 

Grapefruit juice 

Brine shrimp 

HNO, Cu. Cd. Fe HG-AAS II3 

polyethylene and polypropylene 
cups and vials inside a closed 
polypropylene or Pyrex 
container attached to a water 
aspirator and KOH scrubber 
for time removal. No loss of 
volatile trace elements 
Domestic oven: moisture 
determination by weighing 
samples before and after 
treatment. error i 0.01’!1, 
Domestic oven: closed 50 mL 
PTFE vessels cooled afterwards 
at -25” 
( I ) M WS 700 (Bacuknecht ) and 
(2) Prolabo Microdigest 300M 
domestic ovens; (I) closed 50 
mL low-pressure PTFE vessels 
with pressure release blast discs 
(I MPa) connected to an acid 
container via PTFE tubing a 
three-step dissolution; compared 
with: (I) high-pressure 23 mL 
polyimide bombs with PTFE 
sample vessels; (2) open quartz 
Kjeldahl flasks with a Vigreux 
colomn-three or four-step 
dissolution; (3) cool plasma 
ashing with microwave 
excitation and wet pressure 
digestion with conductive heat 
in an autoclave (Tolg); 
reproducibility, completion of 
digestion, contamination 
problems and loss of analytes 
discussed 
PATENT: food material that 
had been sterilized and,‘or 
bleached is irradiated 
(1000~-3000 MHz) to 

H,O, 

HNO, ~HZ02 

HNO1 then 
after the 
second stage of 
dissolution 
H,O1. or 
HNO,mH?SO,. 
or HNO, 
alone 

Moisture None I I4 

Ca. Cu, Fe. ICP-AES II5 
Mg. Mn. Zn 

(I) Cu. Fe. Zu (I) FAAS I16 
(2) Ni and (2) GF-AAS 
other low (3)HG-AAS 
concentration 
elements 

(3) Hg. Se 

II7 

decompose H,O, residues 
Domestic General Electric JET Aqua regla B. Ba, Ca. Cu, ICP-AES II9 
112 oven; closed 60 mL Fe. K. Li. Mg. 
TeflonTMm FEP bottles: Mn. Na. P. 
advantages and possibility of Rb. Sn. Sr. Zn 
automation discussed 
Penny RE-705TC domestic HNO, Cd. Cu. Fe GF-AAS I20 
oven modified with a water 
aspirator and KOH scrubber: 
open polyethylene autosampler 
cups; compared with dry 
ashing, hot block and 
high-pressure techniques 
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Table 4 (continued) 
Food samples 

Sample(s) Digestion mode and special Required Analyte Method of Ref. 
mformation:equipment reagent5 analysis 

Shellfish, SRM lobster Closed vessels; compared with Cd. Cr. Cu. FAAS 121 
hepatopancreas wet and dry ash procedures Pb. Zn 

Roasted soyabean flour Domestic Toshiba ER-500 oven HNO,-H,SO, As. Cd. Cu. AAS. GF-AAS I22 
(kinakao). cabbage. seaweed. modified using a water-jet Mn, Pb. Zn 
hog liver, NBS SRM 1566 aspirator to draw fumes to an 
oyster tissue NaOH scrubber, open 

Erlenmeyer flasks; compared 
with conventional wet digestion 
method 

Food: rice, maize and red beans Domestic oven Model WBL-823 HClO,-HNO, Fe Adsorption I23 
(Jinan Quanli); four covered 30 chronopotentio- 
mL PTFE vessels; Fe(lIl) later metric 
complexed determination 

Wheat flour. mixed diet. pig Closed 44 mL custom PTFE HNO,mH,O, Ca. Cu. Fe, ICP-AES I24 
liver vessels; vessels cooled in a Mg. Mn. Zn 

-25°C refrigerator 
Food Comparative study of HCL Amino acids 343 

conventional and 
microwave-assisted protein 
hydrolysis protocols 

Thirty-two different fish species; Domestic Moulinex FM-460 HNO, with a Pb ET-AAS 125 
CRM 278 mussel tissue oven; closed Parr 4782 vessels few microgr- 

ams of VO, as 
catalyst 

would appear to be an area where microwave-as- 
sisted techniques will become very important. 

2.3. Botanical sanydrs 

Elemental analysis of botanical tissues is an 
essential requirement of soil fertility programs, 
nutrient budget and cycling investigations, envi- 
ronmental monitoring and elemental uptake stud- 
ies. Botanical samples have the same dissolution 
problems encountered for biological samples de- 
scribed about-the destruction of organic matrices 
comprising carbohydrates, proteins and lipids. 

Many articles have been published describing 
the use of microwaves for the dissolution of bo- 
tanical samples [31,32,35,37,39,42,43,46,48,50,54. 
55,57,60-62,65,67,71,73,77,78,89,92,94- 112,147]. 
Tables 2, 3 and 5 contain these references, detail- 
ing the use of microwaves to various botanical 
samples. 

Oven modifications included the use of forced 
air to purge fumes to fume scrubbers [3 1, 321 and 
the use of a glass water vacuum pump attached to 
TeflonTM tubing to vent fumes [98]. Many of 
the closed vessels used were equipped with 
some form of pressure release mechanism 
[45,55.71,89,96,99,100,106] such as pressure re- 
lease valves, rupture discs and exhaust ports. One 
type of closed vessel was equipped with a cooling 
unit [57] while others were simply cooled in a 
refrigerator [89] before opening. Internal vessel 
temperature measurements were monitored via 
fibre-optic fluoroptic thermometry [106]. Pressure 
measurements were made via a real-time monitor 
[106], one with a piston which protrudes as the 
pressure increases [57] and one with an external 
transducer [102]. Often, the vessels were enclosed 
in containers such as a Plexiglas box [31,32], 
polypropylene jackets [35,39], a Pyrex vacuum 
desiccator [98] and polyethylene bottles [l 1 l] to 
protect the oven’s cavity. The reliability, precision 
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and accuracy of the technique has been tested 
by comparison with conventional techniques 
[61,65,77,94-96.98,100,101,106.107,109,111]. Saf- 
ety however, has only been discussed in three 
papers [89.98,111]. Reports of particular interest 
involved a focused microwave system with the 
possibility of automation [65]. special reflux sys- 
tems [55,65] including one using either a con- 
denser or a cold finger assembly cooled with 
microwave-transparent heptane [102] and a non- 
destructive method for determining moisture 
[108]. 

2.4. Food smplrs 

Food samples present the same general prob- 
lems as discussed for biological samples. Foods 
which are higher in lipids generally require 
higher dissolution temperatures and/or other 
acid mixtures than foods comprised mostly of 
proteins. High-protein foods generally require 
higher dissolution temperature and/or other acid 
mixtures than high carbohydrate foods. 

Although the use of nitric acid alone for the 
treatment of food samples commonly results in 
the incomplete digestion of organic material, the 
method appears to provide reproducible results 
[79,270]. No significant traces of carbohydrates, 
proteins and lipids were detected chromato- 
graphically after using this method. Only a few 
organic molecules remained intact and they have 
been identified. For example, chromatographi- 
tally separated liver digestate sequestered only 
o-, m- and p-nitrobenzoic acids. These are as- 
sumed to be of aromatic amino acid origin 
through their nitration and subsequent oxidation 
from the original protein. 

Many articles have been published concerning 
the use of microwaves for the dissolution of 
foods [43,46,48,54-57,59,61,65,67,73,75,77.78, 
80,87,89,94,100,101,109,113-125.1451. Two pa- 
pers do not involve dissolution techniques but 
rather moisture determination by drying [114] 
and a patent for the decomposition of peroxide 
residues [117]. Tables 2, 3. 4 and 5 contain these 
references. detailing the use of microwaves to 
various food samples. Of particular interest, one 
technique used vanadium pentoxide as a dissolu- 

tion catalyst [125]. Some reports describe oven 
modifications: several of these involved the use 
of a water aspirator and scrubber for fume re- 
moval and disposal [87.113,118,120,122]. The in- 
terior of one microwave oven was coated with a 
silicone spray to protect the cavity from corro- 
sive fumes [87]. One oven was modified by mak- 
ing use of a flexible and rigid stainless steel 
waveguid attenuator cutoff, grounded and 
mounted at the cavity wall, with a 360” revers- 
ing turntable, a variable speed exhaust for re- 
moval of fumes via a PVC hose mounted at the 
back of the cavity, and a 12-position carousel, 
all with computer control [59]. Containers used 
to enclose dissolution vessels were a lidded plas- 
tic box [56] and a closed polypropylene or 
PyrexTM container [113], all of which were later 
vented off in a fume hood. Refluxing and/or 
extractions have also been reported [55,57,59, 
61,65,77,78,100,101,116]. Dissolutions, refluxing 
and extractions could also be performed using a 
focused, automated microwave system [65]. One 
method describes a microwave-assisted proce- 
dure for the hydrolysis of food protein prior to 
amino acid analysis [343]. 

Specialty vessels described included pressur- 
ized microwave digestion quartz vessels with 
cooling units [57], TeflonTM-lined microwave 
bombs [94] and custom-made 44 mL PTFE ves- 
sels [124]. A method for vessel annealation was 
presented only once [59]. Safety aspects of using 
closed vessels under pressure were discussed only 
twice [59,89]. Some vessels were equipped with 
pressure release mechanisms such as pressure re- 
lease valves [55,89] and discs [loo, 1161. The 
pressure was monitored via transducer probes 
and the temperature via a thermocouple [59]. 
The pressure was also measured using quartz 
vessels equipped with pistons monitored by sen- 
sors which shut off the oven power at 85 bar, 
until the pressure had dropped [57]. A refrigera- 
tor was used to cool dissolution vessels [89] in 
order to shorten sample preparation time. Open 
vessels were used less often to perform food 
dissolutions [46,48,65,77.80,87,113,118.120,122, 
1231. 

Comparisons were sometimes made with other 
conventional techniques for validation and re- 
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producibility of microwave-assisted dissolutions 
[61,65,77,94,100,101.109,116,120-1221. 

2.5. Encironmentul sumples 

Many environmental samples are sediments. 
Sediments are highly variable and complex ma- 
trices, considered to be the ultimate sink of 
heavy metals released into the environment [143] 
and also reserviors for other environmental pol- 
lutants such as organochlorine insecticides [237]. 
The relative ease with which metals are released 
from, or bound to sediments is poorly under- 
stood. With increasing environmental and health 
regulations, the demand for environmental anal- 
ysis and the range of sample types has grown 
enormously over the past decade. Environmental 
samples may be inorganic, organic or biological 
in nature, or a mixture of all three. Circum- 
stances may dictate that rapid results are 
needed-this category therefore includes a very 
wide variety of sample types and analytical 
methods, but microwave-assisted pressure disso- 
lution is gaining wide acceptance as the method 
of choice for sample preparation in this field 
[7,11,22,23,27,29,38,48,55,62,84,98,118,126-152]. 
Table 5 lists the applications of microwave tech- 
niques to various environmental samples (see 
also Tables 1, 3, and 6). Three reports describe 
the purging of oven cavities for fume removal 
either with compressed air [7,22] or via a glass 
water vacuum pump [98]. 

Safety measures and cautionary notes when 
using closed vessels were expressed in only four 
papers [7,98,128,132]. However, some of these 
vessels were equipped with pressure release 
mechanisms such as valves [55,84,118,141, 
144,147] and seals [l 1,136]. Techniques of an- 
nealing vessels were presented in two papers 
[84,151]. One author monitored pressure via a 
stem which protruded from a domestic mi- 
crowave pressure cooker enclosing the dissolu- 
tion vessels [l l] while three others used pressure 
transducers [84,118,136]. Containers used to en- 
close dissolution vessels in case of fume leakage 
were polyethylene containers [7,128], a domestic 
microwave oven pressure cooker [ll], a sealed 
box [22] and PyrexTM vacuum desiccators 

[29.98]. Special dissolution vessels are described 
such as one-half inch thick 20 mL TeflonTM- 
TFE bombs which do not require annealing 
[ 111, fluorinated ethylene propylene-TeflonTM 
vessels [98] and double-walled, lined TeflonTM- 
PFA vessels [142]. One author mentioned that 
double-walled 200 psi dissolution vessels are 
now available which may be useful for better 
recoveries of Sb when digesting soils [138]. Only 
five researchers used open vessels to perform 
dissolutions [29,48.98,130,143]. 

Comparisons were made with conventional 
techniques for the validation of elemental recov- 
eries in terms of precision and accuracy [11,27, 
84,98,126,128,129,133,137-142,147,150,151]. Me- 
ntion has been made of possible automation and 
advanced computer control [137], the use of a 
uranium salt for the neutralization of the electri- 
cal charges within oven cavities [142], software 
for finding the best dissolution method [144] and 
a reflux apparatus [55]. 

2.6. Sludge sumples 

Perhaps the most important type of sludge is 
that which comes from the treatment of sewage. 
This sludge is produced in large quantities all 
over the world and is often deposited at specific 
sites. Although there are appreciable benefits in 
the application of this sludge to farmland 
[I 54,313], there is also the risk of toxic elements 
and bacteria accumulating in the soil due to im- 
properly treated sewage. This accumulation can 
lead to the contamination of soils, ground wa- 
ter, lakes and streams etc. and eventually to 
contamination of the food chain, e.g. fish, crops 
and livestock. 

A few articles have been published involving 
the use of microwave techniques for the dissolu- 
tion of sludge samples [73,1377141,1522155]. 
Table 6 summarizes these reports (see also Table 
2 and 5). All the articles involve the dissolution 
of sludges with the exception of one article 
which discussed a microwave oven/electronic 
balance system for the determination of total 
solids content [153]. Three articles concern 
the loss of antimony when sludge samples 



Table 5 
Environmental samples 

Sample(s) Digestion mode and special 
information/equipment 

Required reagents Analyte Method of Ref. 
analysis 

Lake sediments and mine 
tailings along with CRMs 

Standard reference sediment 
and soil; suitable for 
anthropogenically 
contaminated soils and 
sediments 

Four reference soils from 
the CCRMP: SO-l. SO-2, 
SO-3 and SO-4; mineral 
soil and clay samples 

Three reference soils and 
nine other randomly 
selected soils 

Venezuelan red mud. NBS 
SRMs: phosphate rock 
and flint clay 

Aqueous heat transfer agent 
of power stations 

SRMs: pond sediment. 
soil-l. soil 83401 and 
other silicate samples 

Soils 

Aged ( ~80 years) 
Zn-contaminated soils 
from a location subject to 
airborne contamination 
from a smelter site 

CEM oven, Savillex vessels. Acid HCI 
mixture digestion. Pressure limited HNO, HF 

As. Se HG-AAS 118 

to reduce loss of 
volatiles-improved recovery of 
As and Se compared to hot-plate 
digestion 
Compared with hot-plate 
digestion method: faster, more 
routine and less subject to 
technician error 

HNO, 

Commercial oven; closed 60 mL HNO,mt 
Savillex Teflon TMpPFA vessels: H,BO, 
freezer used to cool vessels; 
addition of boric acid prevents 
loss of Si 
Sears Kenmore (Model 87751) HNO,~ t 
oven; closed 60 mL Savillex 
TeflonT” -PFA (fully fluorinated 
alkoxy-side chain) vessels inside a 
4 L polyethylene container; effect 
of power level: compared to an 
open vessel method with 
HNO,~-HF-HCIO,; safety 
National Panasonic (Model 
NE6660) domestic oven; closed 
100 mL PTFE vessels; 
polyethylene and polycarbonate 
vessels tried as well; compared 
with conventional and soild 
sampling techniques 
Elektronika SP-01 oven: open 
glass beakers, porcelain. PTFE 
and PET vessels; shapes of and 
effect of vessel material 
investigated (glass. porcelain. 
PTFE and PE) 
Domestic oven; closed PTFE 
vessels; vessels cooled in a 
refrigerator; combination of 
HNO? and HzO, greatly increases 
reaction rate and accelerates 
digestion process of organic 
matrices 
A procedure developed using 
closed vessels to minimize loss 
of As 
Evaluation of the technique for 
routine lab. use, compared with 
block digester and hot-plate 
techniques; significantly more 
complete metal release, greater 
metal concentration values and 
replication uniformity with 
microwave digestion method 

Ag. As. Ba. Cd. 
Cr. Cu. Hg. Ni. 
Pb. Se. TI. Zn 

136 

IF. then Al. Ca. Fe. K. ICP-AES 127 
Mg. Mn, Na, Si, 
Ti 

IF Cu. Zn AAS 128 

HNO,mHF-HCI Ag. Au. Cd. Cr. GF-AAS 
(9:5:6 best). then Pb 

H,BO, 

129 

Mineral acids, 
NaOH for SI 

Fe, Cu. Ni, Pb, 
Si, Zn 

HNO,- HF 
H,02 

Various acid 
mixtures 

Ba. Ca. Cr. Cu. 
Fe. Mg, Mn. Sr. 
Zn 

As 132 

Zn 133 

130 

131 



1232 

Table 5 (continued) 
Environmental samples 

Sample(s) Digestion mode and special 
information:equipment 

Enviromental CRMs 

NBS 1646 estuarrne 
sediment 

Soils, NlST SRM sediments 
1646 and 2704 

Soils, sludges. sediments and 
oils 

NIST SRM 2704 river 
sediment, sludges, soils 
and solid wastes 

Sediments, soils. sludges and 
solid wastes 

Sediments, soils. sludges and 
solid wastes 

Thirty samples from salt 
marshes, aquatic 
sediments. suspended 
matter. arable land, 
grassland and vvoodlands. 
sludges. CBR CRMs: 141 
soil-calcareous loam. 142 
soil-light sandy. 143 
sewage sludge-soil and 
145 sewage sludge; IAEA 
CRMs: SL-I lake 
sediment and SOIL 7 soil 

Required reagents Analyte 

Testing and evaluation of the 
suitability of microwave methods 

Evaluation for replacing EPA 
method 3050 digestion; as the 
duration of the microwave 3050 
simulation increased. it tended to 
recover higher amounts for most 
elements but incomplete recoveries 
for the NBS 1646 sample 
CEM MDS-81D oven; (I 1 closed 
120 mL TeflonTM PFA vessels 
with pressure release valves. one 
has a pressure transducer attached 
through the lid: compared with 
conventional method (3) in 
platinum crucibles 
Closed vessel methods compared 
with conventional dissolution 
methods; automation and 
computer control of microwave 
dissolution procedures 
Closed TeflonTM vessels: a 
correlation between the loss of Sb 
due to oxidation and subsequent 
absorption onto reactive silicate 
surfaces when using HNO, alone: 
recommendation that Sb should 
be excluded from recoverable 
metals using this EPA accepted 
method: solutions to the problem: 
mention of a commericdlly 
available. double-walled 
dissolution vessels (max. pressure 
200 PSI) 
Reasons for Sb loss and remedies; 
an update of the obove reference 
(same authors) 
Reasons for Sb loss (a solubility 
problem) and remedies; a reply to 
comments made by the above 
authors 
CEM MDS-8 1 D oven: extraction 
of metals from soils using closed 
120 mL Teflon TMmPFA vessels 
with pressure release valvses: 
compared with the conventional 
reflux method by three 
independent labs. with the 
conclusion that the recoveries are 
equal to or slightly higher using 
the microwave technique: three 
step dissolution 

(I) HNO, or by 
(2) HF -HCIO, 

HNOi and 
HNO,pHCI 

HNO, or 
HNO, -HCI 

HNO, or 
HNO,mHCI 

Aqua regia 

Method of Ref. 
analysis 

Trace elements 134 
and recovery of 
volatiles such as 
As, Hg, and Se 

ICP-OES 135 

Cd GF-AAS 136 

137 

Twenty-two 
elements, Sb 

FAAS, 
GF-AAS, 
ICP 

138 

Sb 

Sb 

139 

140 

Cd, Cr. Cu. Fe. AAS, 141 
kin. Pb, Zn ZE-CR-AAS. 

ICP-AES 
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Table 5 (continued) 
Environmental samples 

Sample(s) 

BCSS-I and PACS-I marine 
sediments, NIST SRM 
l633a coal fly ash. an 
internal quality control 
dust. MESS-I 

NBS SRMs: 1645 river 
sediment and I646 
estuarine sediment, and 
other polluted sediments 

NBS 2740 ButTalo riv>er 
sediment 

Soils. sediments and foods. 
six standard reference 
materials 

Soils. solid wates and oils. 
NBS SRMs representative 
of oils and soils 

Twenty-tvvo soils including 
marine and river clay, peat 
and reclaimed moorland 
soil. IAEA soil 5 

Digestion mode and special 
mformation:equipment 

Required reagents Analyte Method of Ref. 
analysis 

CEM MDS - 8 ID ov’en; closed 
double-walled. lined 
TeflonTh’~ PFA vessels: a vial 
with some radioactive U salt for 
oven electrical charge 
neutrialization; compared with the 
conv,entional hot-plate method: 
advantages and disadvantages of 
using different acid mixtures are 
discussed: disadvantages of using 
boric acid: method could be 
useful for continuous flow 
microwave digestion 
Samsung (Model Re-705TC) 
domestic oven; open 250 mL 
polyethylene centrifuge bottles for 
the sequential extraction of 
elements into: (I) exchangeable; 
(2) carbonate bound; (3) FeeMn 
oxide bound: (4) organic bound 
and; (5) residual binding fractions 

CEM MDS-8lD oven: closed 
PTFE vessels with pressure 
release valves; I8 different 
digestion methods subjected to 
SIRIUS (PCA) and 
PROMETHEE (multi-criteria 
decision making method) method 
rankings; use of GAIA for the 
display and evaluation of 
PROMETHEE results: two 
methods, both using HF. HNO, 
and HCI. were found to be best 
Closed PTFE vessels; all results in 
good agreement with the certified 
values 
Draft method of digestion to 
solublilize those elements most 
likely to be made environmentally 
available: compared with SW-846 
Method 3050 
CEM MDS-81 commercial oven: 
closed I20 mL TeflonTM vessels 
with pressure release valves: 
compared wjith open digestions 
with HNO,. HCl or a 
HNO; H,SO, potassium 
peroxodisulfate and a closed 
digestion in a TeflonTM bomb 
with HNO,; closed systems the 
best 

Aqua regia. or 
aqua regia-HF. or 
HNO,. then 
sometimes H,BO, 

(I) M&Cl,. Tween 
80 surfdctant 
(2) Na acetate. 
acetic aci 
(3) NH,OH 
HCI. acetic acid 
(41 HNO, H,O, 
(5) aqua repia. 
HF. H,BO; 
HNO,, HCI. HF. 
H,O? mixtures 
of two or three. 
or acetic acid. 
then H,BO, 

(I) HNO,mH,O? 
(2) HNO, H20, 
HF, H,BO, 
HNO, 

HNO,-HCI 

Al, As, B, Ba. 
Be, Bi. Ca. Cd. 
Co. Cr. Cu, Fe. 
Mg. MO. Mn. 
Ni. Pb, Se. Ti, 
V. Zn 

Ca. Cr. Fe. Mn 
Pb. Zn 

Co. Cu. Mn, Pb. ZE-F-AAS, 144 
Zn ZE-GF-AAS 

Multi-elements 

Those elements 
made 
environmentally 
avaailable 

organic and 
inorganic Hg 

ICP-AES. 
NAA 

142 

FAAS 143 

ICP-AES 

ICPS. 
GF-AAS 

I45 

146 

CV-AAS, 147 
NAA 
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Table 5 (continued) 
Environmental samples 

F.E. .Stni/h. E.A. .Ir.taruulr Ttrl~mru 43 (19961 1207- I.?68 

Sample(s) Digestion mode and special 
informatton:equipment 

Required reagents Analyte Method of 
analysis 

Ref 

SO-1 regosolic C horizon soil. Domestic Toshiba model 
SO-2 podzolic B horizon ER 855BTC oven: closed 150 mL 
soil. SO-3 calcareous C TeflonTM - PFA vessels, four-step 
horizon soil and SO-4 dissolution; safety precautions: 
black chernozemic A compared with CANMET values 
horizon soil of each soil type 

Industrial wastewater Detection limits were I.9 ppb for 
Ni and 0.40 ppb for Cr 

Airborne particulates Compared with conventional 
extraction and digestion with 
HNO, 

NRCC MESS-l and BCSS-I Closed TeflonTMpPFA vessels; 
marine sediments annealing of vessels; results 

comparable or superior to those 
obtained using conventional 
methods: significant precision 
improvements especially for those 
elements with poor conventional 
precision 

were digested using closed vessels [ 138.139,140]. 
One report of the use of automated procedure is 
of particular interest [ 1371. 

Some comparisons of dissolution efficiency 
were made with conventional techniques [1377 
1411. 

Using conventional procedures, coals and 
other samples such as ashes, require heating pe- 
riods of about 12 h for total dissolution. Mi- 
crowave procedures have reduced this heating 
period to a matter of a few minutes 
[27,29,142.157,160- 162,167- 1691. Besides being 
useful in performing dissolutions, microwaves 
have found use in moisture content determina- 
tions [156,158,163,165,166], desulfurization [164] 
and in the determination of the unburnt carbon 
content of coals [159]. Table 7 lists and summa- 
rizes these references (see also Tables 1 and 5). 
In one report concerning coal fly ash, a ura- 
nium salt was used for the neutralization of the 
electrical charges within an oven cavity [142]. A 
technique for the determination of unburnt car- 

HNO,, then 
HNO, ~HCIO, 
HJO, 

As FAAS 132 

HNO,mHCIO, 

Cr. Ni GF-AAS 149 

Cd. Cu. Pb. Zn DPASV I50 

HNO;mHCI Environmentally ICP-AES 
significant GF-AAS 
elements 

I51 

bon based on microwave attenuation and phase 
shift differences [159], and a mositure determina- 
tion technique based on input and output 10 
GHz microwave energy differences [163] have 
been patented. Moisture has been determined 
using a microwave meter while the sample was 
being simultaneously heated and weighed 
[165,166], and from projecting final weights from 
a weight loss curve after a fraction of the time 
required for complete drying [ 1561. 

Many microwave-assisted determinations were 
compared with the results from conventional 
methods [27,142,158,161,162,166,167,169]. 

2.8. Metallic sumples 

The determination of metal purity and the el- 
emental composition of alloys is of utmost im- 
portance in the metallurgical industry. 
Companies have the responsibility of providing 
metals and alloys of particular elemental compo- 
sition as specified by their customers. Samples 
are often analyzed as solids following fire assay 
or directly from metal castings using XRF and 



Table 6 
Sludge samples 
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Sample(s) DigestIon mode and special 
informatlon equipment 

Rcqulred reagents Analytc Method of Ref. 
analysis 

Sludge and waste water 
samples 

Deaatered activated 
sludge 

BCR 144. 145 and I46 
sewage sludge 
standards: sewage 
sludges 

Sewage sludges and 
CRM sludge samples 

Closed vessels: I IO mL liquid and 
I g soil samples; aample 
preparation and procasing time 
was reduced bq 5 50 times with 
ashing done at 180°C using 
HNO,; microwa\c unit has a 
TeRonT”-coated inner chamber 
equipped with a 2.8 m’ min ’ 
aspirator exhaust system and a 
TetlonTZ’ carousel I ?-sample 
holder 
Microw,avc olen electronic 
balance system 
CEM MDS-81 oven: six closed 
I20 mL PTFE vessels in a 
carousel 

Closed vessels 

- 

OES. Solution samples may be prepared for 
analysis by fusion followed by wet ashing or by 
straight wet ashing techniques. However. these 
sample preparation methods are time consuming 
and labor intensive and often result in incom- 
plete elemental digestions. An example is the 
problem of completely digesting Al in steels 
without having spectroscopic interference from 
salt matrices (from fusions) [176]. Other prob- 
lems include the hydrolyzation of refractory ele- 
ments (e.g. Ta and W) when hydrofluoric acid is 
not used. the low solubility of fluoride salts of 
Y [ 1721. Pb, Ca. U and Th. and the loss of 
volatile fluorides of Si, As and Se [170]. 

Microwave techniques are often well suited 
for the dissolution of metallic samples. For ex- 
ample, hydrofluoric acid can be used in closed 
vessel dissolutions to digest silicate matrices and 
to stop the hydrolyzation of refractory elements 
without the loss of volatile fluorides. After cool- 
ing, boric acid can be added to complex unre- 
acted hydrofluoric acid. This allows for the use 
of conventional glassware. acts as a matrix 

HNO, or Concentration and 
HNO, HNIO, isolation of various 
mixtures to avoid metals for 
the usz of HCIO, subsequent analysis 

HF aqua regia. or 
aqua regia alone. 
then boric acid 

HNO, and 2-ethyl 
hewn-I-ol 

Determination of 
total solid content 
Al. As. Be. Ca, 
Cd. Co. Cr. Cu. 
Fe. K. Mg. Mn. 
MO. ha I\i. Pb. 
Sb. SC. Se. Sn. Ti. 
Tl. V. W. Zn. Zr 
Cd. Cu. Fe. Mn. 
Pb. Zn 

I52 

I53 

ICP-AES. I54 
FAAS 

FAAS I55 

modifier for AAS and more importantly redis- 
solves precipitated fluorides [270]. The solid 
sample itself may absorb microwave radiation, 
creating a heated surface on which the acid(s) 
can react. Microwave muffle furnaces are now 
commerically available [332] based on oven lin- 
ings made out of the highly efficient microwave 
absorber silicon carbide. This microwave ab- 
sorber rapidly heats up the oven’s cavity to ash- 
ing or fusion temperatures. Other solid samples 
may reflect microwaves. creating high sample- 
acid interface microwave densities. This can re- 
sult in very rapid heating of the acid(s) used 
and create turbulence and sample agitation both 
of which sweep sample surfaces clean of acid-re- 
sistant coatings. exposing fresh, unexposed sam- 
ple surfaces which are open to acid attack. 

Under some circumstances. the use of mi- 
crowave energy in the presence of metallic mate- 
rials is not recommended. Specifically, 
interaction of certain metals with microwave en- 
ergy can result in uncontrolled sparking and 
electrical arcing. possibly leading to electrical 
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Table 7 
Coal and ash samples 

Sample(s) 

S-Mesh coal 

Certified coal reference 
standard AR-1800. NBS 
1632a: petroleum coke 
samples 

Coal, esp. sub-bituminous 
western coal (USA) 

Fly ash 

Particulates, ashes and oil 
fuels 

Coal ash samples 

Coals and coke containing 
43388.8% fixed C 

Crude lignite 

Digestion mode and special Required Analyte Method of Ref. 
information:equipment reagents analysis 

Open vessels; final weight Determination 156 
predicted by projecting the of w&er 
weight loss curve to its end content 
point after a fraction of the 
time required for complete 
drying 
Domestic oven; closed. modified HNO,-HF V GF-AAS. 157 
Pyrex glass test tubes: XRF 
microwave treatment the most 
efficient method for V 
extraction 
Open vessels: no coal Moisture 158 
degradation compared to content 
conventional methods 
PATENT: generation and C Attenuation 159 
transmission of microwaves phase shift 
through fly ash; receiver of a dilferences of 
microwave signal passed the signal 
through the sample. and a 
means to determine the 
attenuation and phase shift 
differences of the transmitted 
signal to produce a measure of 
the unburnt C content; can be 
used to control a coal-fired 
boiler 
Closed vessel: wet and dry Dilferent acid Fifteen toxic ICP-AES 160 
digestion of waste samples matrices or hazardous 
before elemental analysis; effect elements 
of preparation conditions: acid 
matrix, heating time and 
pressure 
Alternative to the Li,B,O, HNO, HF- P and others 161 
fusion process; requires the use HCI 
of HCI for P determination 
Proportional relationship vvas HNO, H2S0, Cu. Mn. Ni. AAS 162 
observed between time for or Pb and Zn 
complete digestion and fixed C HNO,mHCIO, 
content for both acid mixtures: 
compared with PTFE bomb 
method 
PATENT: 10 GHz microwaves None Water content Microwave I63 
passed through brown coal; meter 
sieved ( <2 mm) coal is 
sampled by means of 
compressed air into a quartz 
tube inclined 15” to the 
microwave source: measure the 
ditference betwren input and 
output energies as it passes 
through the sample 
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Table 7 (continued) 
Coal and ash samples 

Sample(s) Digestion mode and special 
informationequipment 

Required 
reagents 

Analyte Method of 
analysis 

Ref. 

Bitumite coal 

Coals wtth a moisture 
content between 0- 15’% 

Coals 

Samples irradiated at 2.45 GHz 
for various lengths of time to 
determine the coal 
desulfurization effect 
Use of a microwave meter to 
determine the moisture content 
in coals; use 1.5 kg samples; 
determination error was 0.8%) 
A measuring device was 
developed for a rapid moisture 
determination in samples which 
are continuously weighed when 
heated by microwaves: 
integrated gas sensors prevent 
samples from overheating: thus 
preventing gas evolution; 
comparable to the drying 
cabinet method (DIN 59718) 

Moisture 
content 

Moisture 
analysis 

“Moessbauer I64 
measurements 

A microwave 165 
meter 

Moisture is 166 
monitored by 
a computer in 
response to 
weight changes 

Coal fly ash 

Alpha Resources reference Domestic National Panasonic 
standards: AR-1800, 1803 NE-6660: closed 200 mL 
and 2777 coals; NBS thick-walled Pyrex glass test 
SRM l632a coal; tubes; compared with 
Venezuelan coal samples conventional method; 

decomposition efficienctes 
compared; effects of acid 
mixtures. heating power and 
time settings investigated to 
optimize dissolution 
Closed PTFE vessels: four 
different decomposition 
procedures investigated; 
microwave decomposition with 
HNOIpHF-HCIO, was 
applicable for all the elements 
and gave results in agreement 
with the certified values 
Six closed autoclavable 25 mL 
polypropylene bottles (Cat. 
# 2006-0004) placed in a sealed 
plastic container; later 
centrifuged or filtered; P 
complexed: compared with the 
Australian standard method 
(dry oxidation procedure): 
safety discussed; two step 
dissolution 

Twenty-two coals 

component and magnetron damage. This can be 
a problem and is a safey hazard when perform- 
ing closed vessel dissolutions. Several metallic 

HNO-HCIO, Fe, Ni. V 

HNO,pHFm As. Cd. Pb. 
HCIOd Sb. Se. Tl 

HCI HF then P 
boric acid 

ETA-AAS 167 

Stabilized 
temp. platform 
furnance 
technique with 
ZE-AAS. 
NAA for As. 
Sb. Se 

I68 

UV-vis 169 
spectrophoto- 
meter 

materials, especially iron-based alloys, spark 
when subjected to microwave energy. This 
sparking can ignite the hydrogen gas generated 



from the dissolution of metals [270,176]. Fer- 
nando et al. recommend that dissolution vessels 
be sealed under an inert atmosphere to eliminate 
the presence of oxygen in the gas volume gener- 
ated when digesting metals [176]. Matthes et al. 
were the first to use a microwave oven for the 
dissolution of metals [ 161. Since then, several ar- 
ticles have been published outlining microwave 
dissolution procedures for metallic materials 
[16,17,20,21.24,170~178,189,190]. Table 8 sum- 
marizes these reports (see also Tables 1 and 9). 
Closed vessels were almost exclusively used to 
digest metallic materials [16,20,21,172,1755177] 
as opposed to open vessels which were used 
only once 11731. None of the closed vessels were 
equipped with any sort of pressure 
anism. and safety was discussed in 
pers [ 174.1761. Comparisons of 
made with those obtained using 
techniques [170.171,174- 1771. 

release mech- 
only two pa- 
results were 
conventional 

Microwave-assisted dissolution tech- 
niques show their versatility through their appli- 
cation to a variety of synthetic materials. 
Reports have been made concerning the dissolu- 
tion of polymers [29], (NH,),SO, [ 1061 and 
(NH,),B,0,,4H,O [ 1071, activated carbon [ 1881 
and other inorganic samples [184], inks [182], 
resins [ 1881 and other organic materials [184]. 
oils [ 137,146.160.179]. wear metals in lubricating 
oils [ 1901. carbon fibre-epoxy materials [l SO]. 
automotive [181] and petroleum industry cata- 
lysts [ 1921 and glass samples [191]. In addition. 
a number of patents have been issued concern- 
ing microwave techniques and devices for the 
dissolution of radioactive and medical wastes 
[ 1831, ZnO-based samples [ 1851, man-made 
wastes [ 1861 and spent nuclear fuels [ 1891. Mi- 
crowave techniques have also been used for 
moisture determinations of asphalt [187], ply- 
woods and particleboards [log]. Table 9 summa- 
rizes these reports and lists the references (see 
also Tables 1. 3, 5 and 7). Microwave dissolu- 
tion efficiencies were sometimes compared with 
conventional efficiencies in terms of elemental 
recoveries [106,107.137,146,182,192]. 

Some articles describe research involving the 
microwave dissolution of more than one sample 
type. For this reason, these articles have been 
grouped together into a separate category- 
Table 10. 

Geological [ 193,201], specifically diabase, oil 
shales and rocks [194]. basalt [194,200], minerals 
[ 194,199], ores [ 194,198], refractory samples [ 1991 
and obsidian rock [200] have been digested. Dis- 
soluton methods have been described involving 
biological samples [196,197.199.201], carbohy- 
drates, proteins and lipids [193], oyster tissue 
and animal materials [ 1941. bovine liver 
[ 194,200], lobster hepatopancreas [ 1951 and 
marine tissue [202]. Botanical samples [193], or- 
chard leaves [194], tomato leaves and pine 
needles [ 194.2001, peat [ 1951 and dry plant leaves 
[ 1971 have been digested. Food samples [197]. 
spinach and vegetable samples [ 1941 and flour 
[203], and environmental samples such as sedi- 
ments [ 194,200,202], soils [194,196], muds 
[195,203] and dusts [204] have been digested. 
Sludges [ 198,200] and coals/ashes [ 194,197, 
200,204] have been digested. Metallic materials 
[193] such as alloys [ 1941. automobile shredder 
wastes [198], steels [201] and metals on filter me- 
dia [204] as well as other synthetic materials 
such as glass [193], polymers like polypropylene 
[ 194,203], butyl rubber[ 1941, polyethylene, and 
polyurethane [203], catalysts, industrial pipe de- 
posits and scales [194], petroleum, heavy oil fer- 
tilizers and activated carbon [197], medical and 
toxic wates [198]. gas [200], fibreglass and paper 
[203]. air sampling filters, powdered lead-based, 
powdered and liquid paints and paint scrapings 
[204] have all been digested using microwave-as- 
sisted techniques. 

3. Microwave-assisted sample drying 

A common problem associated with the pro- 
cess of assaying in analytical laboratories is ob- 
taining precise and reproducible methods of 
sample drying. Drying is defined as the removal 



Table 8 
Metallic samples 

Sample(s) 

Steel reference samples 

Metal alloy samples (e.g. 
steel samples containing 
<0.5’% W. Ti and Nb, or 

CU) 

NBS 899 (Tracealloy C); 
Ni-based superalloys 
(Ni- CrrAl Y) 

Czechoslovjakian. British and 
German ferrochromium 
and ferromanganese 
CRMs: CSAN 4-2-UI. 
4-z-02. 4-1-03. 4-2-04. 
4-3-01. 4-3-07. BCS 303 2. 
204 I, 208 I. 280: BAM 
ECRM 530-I. 533-l 

Inorganic samples: 2.g. 
Cr,C,-Ni Cr and Ni 
alloy samplrs 

Tool steels. SKD 61 and I I. 
MBH 34C and 37B 

NBS SRM 365 slectrolvtic 
iron and 179 (steel vv:ith a 
nominal Si content of 
3%); BCS 457 (a mild 
steel) and 317 (3.49”,;# SI): 
Spex Hi Pure iron (for 
calibration blank) 

Twenty-four high-alloy steel 
CRMs: NBS 892. 890, 
346. I68 73B, 161, 343. 
133.4. 160B and IOIF: 
BAM 218-l. 278-l. 328-l. 
CrNiSiMnl. 277-l and 
CrMnMoNiTil: IRSID 
204-l; BCS 339. III I. 
342. 340. 338 & 341: JK 
8F 

BCS 346 (Ni-based alloy) 

Digestion mode and special 
information equipment 

Required 
reagents 

Analyte Method of 
analysis 

Ref. 

Etfects of temperature of 
digestion and Si level in 
samples are described; 
compared with conventional 
dissolution techniques 
Comparison of pressurized 
sample preparation devices 
(High pressure Asher and 
Pressurized Microwave 
Decomposition Device) 
Whirlpool (Model MW-8750) 
domestic oven: I2 closed 250 
mL polycarbonate. flat 
bottomed centrifuge bottles 
with polypropylene screw caps 
placed inside a polycarbonate 
container: wind-up mechantcal 
carousel 

Si AAS. ICP 170 

(1) (I ) Cr. Cu. ICP I71 
HNO,pHCI Mn. Ni% P. S. V 
or (2) (2) Nb. Ti. M 
HNO,mHCl 
H,SO,mHIPO, 
HNO,, HCI. (2000 ppm I. 
HF and Al. Co. Cr. 
mixtures of Hf. MO. Ni. 
them. Ta. TI. W 
H,BO; 

ICP-OES I72 

173 Philips M 704 domestic oven: 
open PTFE beakers: found that 
only H?SO., and H,PO, were 
required for dissolution 
(including Si). and so HF is not 

CEM MDS 8lD ov’en; closed 
PTFE 4782 Parr bombs with a 
pressure-indicating screw whrch 
protrudes from the cap; 
advantages and disadvantages 
are given: compared with other 
methods: diagram of bomb: 
safety precautions 
Closed vessels: compared with 
hot plate method 
Domestic Sears Kenmore oven: 
closed 60 mL Savillex Teflon’” 
vessels: use of a caroubel; 
caution advised for metallic 
materials (should be present in 
an inert atmosphere to prevent 
ignition); compared with Parr 
bomb method 
CEM commercial ov’en; closed 
T2flonT”‘-PFA vessels; all steels 
completely dissolved except 
NBS 892 which required more 
HNO, and reheating under 
pressure in the oven followed 
by fuming on a hot plate wsith 
H,SO, -H,PO,: compared wjith 
two hot-plate fuming and a 
fusion procedure and 
dissolution vvith H,SO, then 
H,O? (hot plate) 
System found to have a 
detection limit of I.3 ng 

HNO,. HCI. A I Co, Cr. 
H,SO,, H,PO,, Cu. MO. Mn. 
and various 
mixtures of 
them 

Ni. Si. Ti. V 

Various acid 
mixtures 
depending on 
the sample 
type and or 
required 
elemental 
analysis 
HhO, HCI- 
HF 
HNO, HCI 
HF 

HNO, HCI 
HF 

Various 
elements 

Various 
elements 
As. A I. Cr. 
Cu. MO. Mn. 
P. Ni. Si, Sn. 
Ti. V 

Cr 

As 

ICP-AES 
FAAS 

Can be applied 174 
to various 
mstrumentation 

ICP-AES I75 

DCP-ES 176 

Titration with 177 
dichromite 
solution 

Continuous I78 
flow HG-AAS 
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of volatiles from a sample [207]. It should result 
in identical sample compositions despite 
differences in starting volatile content and 
sample history. Usually, the major volatile 
component required to be removed from a 
sample is water. Different sample types absorb 
varying amounts of water and therefore must be 
dried to an equilibrium weight. When a plot of 
weight loss versus time reaches a plateau, 
equilibrium weight has been achieved. Many 
samples are hygroscopic and must be kept in a 
moisture-free environment after drying, such as 
that provided by a desiccator. Variation in 
water content is one of the most common 
sources of non-reproducible sample weights. 
This can result in lower assay precision and 
accuracy, and possibly give biased analytical 
data. In order to eliminate, or at least minimize 
the problem, samples are usually dried before 
weighing. Classical or conventional methods of 
drying include the use of convection ovens, 
vacuum ovens and desiccators. All three 
methods are effective and can result in samples 
with reproducible composition. However, some 
samples may contain different temperature-dep- 
endent volatile components or degrees of 
hydration. This can lead to varying equilibrium 
weights and should be of concern to the analyst. 
Generally, the least aggressive method yielding 
reproducible and stable sample composition is 
the recommended pretreatment. The least ag- 
gressive method minimizes the risk of chemical 
alteration of the sample. 

Microwave-assisted drying provides a rapid 
and simple alternative to conventional methods 
of drying. Specialty microwave ovens are now 
commerically available for this purpose 
[331-333,335,339]. Since solvent molecules are 
directly heated by the microwave radiation, they 
can be volatilized without heating the container 
they are in. This reduces the cooling time 
required in a desiccator before accurate weight 
measurements can be made. (Heat from sample 
containers can cause inaccurate and fluctuating 
balance readings due to rising warm air). In 
concert with drying samples, moisture 
determinations can be made. Table 11 
summarizes the use of microwave methods for 

the drying of a variety of sample types 
[205 .~212]. 

4. Continuous flow digestion systems and on-line 
applications 

The microwave-assisted pressure dissolutions 
described in previous sections of this review 
have been essentially batch processes, with 
separate digestions for each sample. Several 
continuous flow systems have been described 
[213-224,340], and some are now available as 
commerical packages [331-334,337]. The de- 
velopment of these flow-through and stopped- 
flow (or “discrete-flow” [33 11) microwave pres- 
sure dissolution systems which may be 
connected to flow-injection manifolds for a 
variety of instruments is a further step towards 
total automation. These systems are of 
particular interest in the determination of toxic 
and volatile elements such as mercury. Table 12 
contains summaries of these on-line systems. 
They generally involve the introduction of the 
sample in the form of a slurry via an 
autosampler. Slurries are usually made by the 
pretreatment of samples with an appropriate 
acid or acid mixture while being stirred in an 
open vessel. The slurry is then aspirated into the 
closed system by a peristaltic pump to the 
microwave oven. The slurry is digested as it 
passes through a coil made out of a 
microwave-transparent material located inside 
the oven’s cavity. After the pressure dissolution 
stage, some sytems have incorporated filters, 
cooling steps and gas trap chambers to condense 
and to remove gas vapors generated from the 
dissolution step. Finally, the digestate may be 
injected into a carrier stream via an injection 
valve where it is carried to the appropriate 
instrument for analysis, or collected in an 
autosampler tray. These systems have great 
potential for handling situations with a high 
throughput of relatively easy-to-treat samples, 
but operators should be prepared for 
breakdowns and malfunctions-even the 
commerical models are only just out of the 
development stage. Within a few years, 
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Table 9 
Synthetic materials 

Sample(s) 

Cold roiling oil (of emulsion 
type used in mills during 
manufacture of steel and 
stainless steel 
sheets ~ usually called 
“coolant”) 

Ciba-Geigy T800’924. 
T800:922 and T800:9 I4 
carbon fibreeepoxy 
materials 

Monolithic ceramic 
automotive catalysts 

Inks: polyamide. 
nitrocellulose and aqueous 
acrylic-based ink sampleb. 
packaging inks 

Radioactive waste hquids 
and medical diagnostic 
wastes (e.g. containing “‘1) 

Inorganic and organic 
materials 

ZnO-based samples 

Man-made wastes 

Hot-mix asphalt concentrate 

Activated C and resin 

Spent nuclear fuel 

Digestion mode and special 
information:equipment 

Required reagents Analyte Method of 
analysis 

Open 100 mL beakers: samples NaOH. oxalic Determination HPLC 
(coolant) were digested using acid. maleic acid. of non-ionic 
one of several organic acids citric acid. surfactants 
w,hereby the surfactants are not DL-malic acid, (82-98”,,, 
destroyed but the Fe fines are succinic acid. recovery) 
dissolved: all organic acids Ccl, or HCCI; 
successful except succinic acid 
Domestic oven: closed Parr HNO, 
4782 bombs; determination of 
fibre volume fraction (volume of 
resin holding fibres together) 
CEM MDS-81 D oven: closed HCI -HF. or Ba. Ca. Ce. Fe, ICP-MS. 
110 mL PFA-TeflonTM vessels HNO,-HCI- HF. La. Mn. Ni. P. WD-XRF 
with pressure release valves then HCIO, on a Pb, Pd. Pt. Rh, 
(I20 psi) hot plate or S. Zn 

H,BO, 
CEM MDS-8lD or a Floyd HNO, Ag, As. Ba. ICP-AES. 
RMS-I5 OPCM oven; closed Cd, Co, Cr, CV-AAS. 
I20 mL PFA-TeflonT” vessels Cu. Hg. Ni. GF-AAS, 
(CEM); compared with open Pb, Sb. Se. Sr PIXE. NAA 
vessel hot plate method 
PATENT: a microwave oven 
connected to a microwave 
source via a waveguide tube and 
an insulator: used for 
concentrating waste materials 
Closed vessels with an excess HCI. HF. HNO,. 
pressure security system for KOH 
dissolving materials with volatile 
components; written in German. 
only the summary is translated 
PATENT: closed vessels: HF-HCL or 
analysis of ZnO-based devices HF-HNO, 
PATENT: open vessels; None Hf 
recovery of Hg from crushed 
wastes (such as Hg battery); 
heated by microwaves to 
100-700”. then gas carried off 
by flowing air and collected in a 
condenser at -5°C 
Use of 12.4418.0 GHz sweep of None 
radiation to detect moisture by 
measurement of dielectric 
constant and the loss factor 

Moisture 

Ref. 

180 

I81 

I82 

I83 

I84 

I85 

I86 

187 

Teflonr” bottles Actd mixtures 4~. Ag and ICP-AES and I88 
base metals others 

PATENT: a device consisting 01 189 
a microwave heater under a 
barrel containing a sample 
basket which is connected via a 
pipe to a solvent dispenser, for 
the dissolution of spent nuclear 
fuel 
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Table 9 (continued) 
Synthetic materials 

Sample(s) Digestion mode and special 
information:equipment 

Required reagents Analyte Method of 
analysis 

Ref. 

Wear metals in lubricating 
oil (engine oil) and NBS 
lubricating oil 

Glass samples 

Three types of 

Closed vessels Al, Cu. Fe. FAAS I90 
Ni, Pb 

HFmHNO,mHCI Non-radioactive ICP-AES. 191 
then B,BO, elements AAS 

Domestic Balay Bahm-IUO oven. HNO,-isoamvl Co. Fe, MO. FAAS. XRF I92 
heterogeneous petroleum closed 125 mL vessels; alcohol then Ni 
industry catalysts (Ketjen. compared with conventional H,PO,. also aqua 
Catal and Laterite) techniques regia 

reliability problems should have been dealt with. 
and the instruments should be adaptable to the 
more rigorous digestion conditions required for 
diIIicult samples. 

Microwave extractions are proving to be 
efhcient and are even suitable for the extraction 
of labile components from various complex ma- 
trices. Particles are heated uniformly by mi- 
crowaves since they are able to penetrate them 
to a depth of several thousand microns. Also, 
the degradative effects of high temperatures can 
be avoided by adjusting power levels. exposure 
times and number of repeats of irradiation. It 
has been demonstrated that the high tempera- 
tures which can be generated using microwave 
energy are not required in order to facilitate 
rapid desorption from matrices [238]. 

5. Solvent extraction and desorption systems 

Several conventional techniques are available 
for the extraction and/or desorption of analytes 
from particulate matter. Although these tech- 
niques are widely accepted, each has inherent 
limitations and problems. Solvent extraction 
methods, such as Soxhlet extraction. tend to be 
inefficient and can lead to the generation of 
chemical artifacts due to the harsh sample treat- 
ment. The shake flask method is tedious and is 
also inefficient in that it is primarily superficial 
in function and requires several large amounts 
of solvent(s). Thermal desorption procedures are 
superficial in function as well since they make 
use of infrared radiation (IR) to heat a sample. 
This frequency of radiation is considered to be 
surface heating radiation since it only penetrates 
matter to a depth of less than one micron. Par- 
ticles become non-uniformly heated through this 
mechanism since the interiors can only be 
heated by conduction. Another problem is that 
chemical artifact generation is possible using IR 
since energies lie in the range of 0.3 to 30 kcal 
mall’. which lies very close to the 30 to 225 
kcal mol ’ energy range required for bond dis- 
sociation (microwave radiation at 2.45 GHz has 
an energy of about 0.23 cal mol ‘). 

Table 13 summarizes microwave extraction 
and desorption techniques [2299242]. Patents 
have been issued for an extraction system which 
may be automated [239] and for a microwave 
vacuum oven which can quickly extract volatiles 
without causing overheating [241]. Microwave 
extraction’desorption techniques have also been 
compared to steam distillation [2322234], Soxh- 
let [235,237,238.242], chloroform fumigation 
[236], reflux [237,240], polytron [237] and shake 
flask methods [238]. 

6. Microwave Kjeldahl systems 

Distillation has been used to separate volatile 
chemical components since about AD 100 when 
the method was used to separate ethanol for the 
production of brandy [243]. The technique is 
still widely used today in a variey of industries 
and for a range of separations. Whereas conven- 



Table 10 
Mixed hampIes 

Sample(s) 

Biolog& (three 
carbohydrates: soluble 
starch. 
amylopectin-amylose 
and glucose. two 
proteins: SRM 926 and 
one lipid: tristearin 
C-18 fatty acid ester). 
botanical. geological. 
metallic and glass 
materials 

US Geological Surve) 
diabase W-l and Basalt 
BCR-1: IAEA lake 
sediment SL-I: NBS: 
1632, 1633 and 1633a 
fly ash. 1571 orchard 
leaves, 1570 spinach. 
1566 oyster tissue, 1645 
sediment. 1577 bovine 
liver, 1573 tomato 
leaves. 1575 pine 
needles; three 
polypropylene standards 
prepared in the lab. 
doped with Al. Ca. Si 
and Ti charcoals. oil 
shales. boils. minerals. 
ores, rocks. sediments. 
butyl rubber. catalysts. 
alloys, industrial pipe 
deposites and scales, 
vegetable and animal 
materiala 

(I) Lobster 
hepatopancreas 
(2) Fluvial and marine 
muds: peat 

Biological. soil. sediment 

Biological. dry plant 
leaves, coal. petroleum, 
heavy oil. fertilizers. 
food and activated C 
samples 

Medical. automobile 
shredder and toxic 
wastes. ores and sludges 

Digestion mode and special 
mformation equipment 

Closed TeAon”L’ PFA; real-time 
temperature and pressure 
monitors; discussion of the 
reproducibility of decomposition 
conditions; reasons for dltferent 
decomposition temperatures: 
discussion of automation 
practicality 

Domestic Sears Kenmore oben; 
open but covered TeflonT”’ or 
polycarbonate beaker inside a 
Pyrex desiccator partially 
evacuated which is later vented 
inside a fume hood. then boric 
acid added and heated in a water 
bath; important not to let the 
sample go to dryness due to loss 
of Si as SiF,: coals and polymers 
were ashed first in a mutIle 
furnace (chromite or titanium 
mmerals in coals may not be 
completely dissolved): useful for 
coal desulfurization (inorganic): 
Cr. Mg and Ti results low 
probably due to mcomplete 
dissolution of chronute and 
Mg-~Ti minerals in the rock 
samples 

Closed vessels 

Closed PTFE vessels 

PATENT: (wet sample 
decomposition apparatus) 
microwave heating container; 
microwave controller: gas 
collector having a gas discharge 
opening for removal of liberated 
gases 
PATENT: microwaves focused 
with a concave tmcrowave guide 
in an anaerobic atmosphere: 
breaks down complex molecules: 
can be a continuous or batch 
process 

Required reagents Analyte Method of 
analysis 

Ref. 

HNO, 

Aqua regia HF Al. As. Ba. Be. 
then boric acid to Ca. Co. Cr. Cu. 
neutralize the HF Fe, K. I-1. Mg. 
by formmg Mn. Na. Ni, P. 
tetrafluoro-boric Pb. Si. Sr. Ti. V. 
acid Zn 

HNO, (I ) As. Cd. Co. (I I CV-APIS I95 
Cr. Cu. Fe. Mn. (2) AAS 
Ni, Pb, Se. Zn 
(2) Hg 

HNO, H,O, or Multi-elements ICP-AES 196 

HNO,mH,O,m HF. 
boric acid 

N and metals The 197 

Volatile elements 
such as P. Se. Te 
and V 

Multi-element 193 
techniques 
such as ICP. 
XRF and 
ICP-MS 

ICP-ES. XRF 194 
for polymers 

appropriate 
analyzer 

Simpler 
molecules. or 
elements 

198 
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Table IO (continued) 
Mixed samples 

Sample(s) Digestion mode and special 
information equipment 

Required reagents Analyte 

Biological. mineral. 
refractory samples 

SRMs: coal fly ash. 
sediment. basalt and 
obsidian rock. tomato 
leaves. pine needles, 
bovine liver. bituminous 
coals, gas. coking and 
steam coal. sludges 

Biological and geological 
standard reference 
materials 

Marine tissue, geological 
sediments and steel 

Mud. flour. hbreglass. Features. advantages and 
paper. polyethylene. apphcations of a microwave oven 
polypropylene and for dissolutions; compared with 
polyurethane conventional methods 

SRMs: l633a coal fly ash CEM Model MDS 8 ID HF-aqua regia. 
and 1579 powdered microwave digestion system; HNO, for paints 
lead-based paint: NIST closed vessels- method- does not 
SRM ?676b metals on decompose the polymers in 
filter media; air paints allowing for their removal. 
sampling filters. dusts thus reducing possible matrix 
and ashes. paint etfects 
scrapings, powdered 
and liquid paints 
(cellulose and 
isophthalic acid 
polyester-based 
industrial). mixed metal 
dustsash internal QC 
sample 

Method of 
analysis 

Ref 

Modified domestic oven: safety 
testing 
CEM MDS 81 microwave oven: HNO,mHFmHCI 
closed I25 mL PTFE vessels; mixtures, then 
good recoveries of Cr from boric acid 
samples containing chromite: 
aqua regiaaHF mixture the best 

ICP-AES. 
FAAS 

Twenty-five ICAP-AES. 
elements. GF-AAS 
volatiles like As, 
Cd. Cr. Pb. Sb, 
Si, Se and Tl 

Closed PTFE-vessels; automatic 
capping and gas exhaust modules 

Trace elements ICP-MS 201 

Closed polycarbonate vessels: 
pass nitrogen gas or air to 
evacuate oven 

Ag. .4I. .4s, B. ICP-AES, 
Ba. Be, Ca, Cd. NAA 
Co. Cr. Cu. Fe, 
Mg, Mn. MO. 
Ni. P, Pb. Sb. S, 
Sn. Ti. V. W, Zn 

tional distillation techniques rely on conduction duce this time to a matter of several minutes 
for heating. microwave heating results from di- since the sulfuric acid used in the Kjeldahl 
rect interaction of the energy with the sample. method is a strong microwave absorber. Mi- 
This allows energy transfer to the entire sample crowave heating can raise a Kjeldahl digestion 
as opposed to this taking place via convection mixture to 360°C in 2 min and to 400°C in 4 
currents as with conductive heating. This advan- min. compared to the same temperatures in 15 
tage makes microwave heating an excellent can- and 45 min respectively, using a block digestor 
didate for replacing distillations and reflux [270]. Once the optimum temperature is at- 
procedures limited by long heating periods. For tained, the microwave power can be stopped, 
example. a major limitation of Kjeldahl proce- ending heating and stopping the temperature 
dures is the extended period of digestion needed from rising due to the absence of an external 
for complete nitrogen recovery-this is com- hot mass. Research has shown that microwave 
monly from 336 h. Microwave heating can re- Kjeldahl digestions can be as much as 20 times 

199 

200 

202 

203 

204 



Table I I 
Microwave-assisted drying of Larious sample types 

Sample(s) 

Rice leaves 

Water samples 

Non-fat milk powder (SRM 
1549). bituminous coal 
(SRM 1632b). clays. copper 
ore. wheat flour (SRM 
I567a). rice flour (SRM 
156%). butralo river 
sediment (SRM 2704). 
Na2HP0,.7H,0 and 
CuSO,.SH,O (for loss of 
hydrated water) 

Treated and untreated 
wastewaters, mixed liquor 
suspended solids, recycle 
solids and primary. 
thickened and dewatered 
sludges 

Various wastewater treatment 
sludges 

Precipitates: 4gC I :. BaSOJ 
and CaC,O;H,O 

BaSO, precipitate 

Various samples of different 
geometry and size 

Digestion mode and speaal Required 
information equipment reagents 

Analyte Method of 
analysis 

Ref. 

DRYING: Sharp R-4K53 hone 
commercial oven: comparison of 
classical methods \+ith microwatt 
oven techniques for determination 
of dry weight and N 
concentration 
DRYING: open vessels: drying of None 
water samples: compared to the 
standard method 
DRj’ING: CEM AVC-X0 drying None 
oven equipped with a top loadmg 
electronic balance stem and a pan 
protruding through the oven 
cabit) Roar: a Thermopad if 
needed: compared with 
conlenrional oven and thermal 
dl-ying techniques 

NOW 

Total solid> 

Moisture Electromc 
balance 

205 

206 

207 

DR\l’lNG. household microL\a\c 
oren used to dry the samplea: 
open vessels: comparable to 
conventional oven technique 

Determination ot 
suspended and 
total solids 

208 

DR\l’lNG: open xrssels. drying of Determination of 
ampIes: comparable to suspended and 
conventional oven technique: total solids 
decrrascs drying tnne b) 96” I) 
DR\I’ING. open crucibles for 
thermogravimetric determinations: 
Mettler AE200 analytical balance: 
uatcr molecules directly heated 
lea\ing the crucible relati\cl) 
cool: allows for faster weighing: 
compared with conventional 
drying; nater of hIdration of the 
oxalate is not lost 
DRYING: open smtcred glass 
tilter crucible: compared with ;i 
traditional technique 
DRYING: measurements 01 None 
moisture profiles compared with 
conkectlve drying: several 
methods for determining local 
moibture profiles are presented 
and discussed 

209 

Drying of 
precipitates 

Mettler AE700 310 
analytical balance 

Drying ot 
precipitates 

AnalytIcal 
balance 

71 I 

Moisture profiles 212 



faster and yet show comparable accuracy and 
precision to that of a conventional digestion. 

Table 14 summarizes microwave Kjeldahl 
methods for the determination of total nitrogen 
content [2433251]. Alvarado et al. used a 
domestic microwave oven and a commerical 
laboratory Kjeldahl apparatus and compared the 
results obtained from both [249]. All other 
researchers used specialty microwave Kjeldahl 
systems. Comparisons were made with 
conventional techniques in terms of recoveries 
and time required [243 247.249,250]. Two 
patents have been issued for microwave Kjeldahl 
apparatuses [245,251]. 

7. Databases and software packages 

A wide range of different microwave-assisted 
dissolution protocols have been developed to 
treat the enormous variety of samples requiring 
dissolution prior to chemical analysis. Many of 
these methods are becoming standardized and 
are replacing some of the conventional standard 
methods. Currently. the development. testing 
and certification of new standard methods is 
slowed down by the lack of skilled manpower to 
perform these tasks. so there is a delay in 
making this new technology readily available to 
all potential users. As the number of methods 
increases, so does the task of making these 
methods available to analysts. To help remedy 
this situation, new standard methods are now 
being encapsulated in database formats capable 
of electronic inter-laboratory transfer. As well. 
software has been developed to create, format 
and transfer protocols for microwave-assisted 
dissolutions. 

With ready access to a database of validated 
methods. an analyst may be able to find an ap- 
propriate dissolution method by entering relev- 
ant information about the sample, analyte(s). 
instrumentation etc. (i.e. analytical descriptors). 
Once a method has been selected by the soft- 
ware, which best matches the analytical descrip- 
tors, the database can yield not only details of 
the required procedure, but also other imporant 

information such as safety advice and recom- 
mendations based on research experience. 
Systems like these have the capability of 
“learning” additional procedures as other new 
and successful methods are developed. 

Table 15 summarizes four published software 
systems for microwave dissolution databases 
[225-2281. Of special interest. Walter et al. 
discuss a database/software system capable of 
retrieving dissolution parameters and controlling 
sample preparation and dissolution through 
automation [227]. Feinberg et al. have prepared 
a database of nearly 780 different outlines of 
microwave dissolution procedures [228]. 

8. Reviews 

Numerous reviews have been publisheddthese 
are summarized in Table 16 [252-2821. These 
reviews discuss microwave techniques, equipment, 
applications. theoretical microwave principles and 
mechanisms. various dissolutions. drying and 
moisture determinations, history, advantages, 
safety guidelines, economy, automation and 
robotics, sample preparation characteristics. 
prediction of dissolution parameters and data 
handling. 

9. General reports 

A number of general reports have been 
published. These are summarized in Table 17 
[283-2941. These papers are more specific and 
focused than the reviews. One report compared 
microwave bomb methods with EPA method 
3050 [284] and another described a specialty 
microwave digestion system (Q Wave-1000). New 
areas of microwave technology application were 
discussed in another report [293]. One publication 
discusses non-microwave-assisted methods of acid 
pressure decompositions. but was included in this 
review [294] since much of the information 
presented is relevant to microwave pressure 
dissolutions, such as advantages. problems, PTFE 
vessel material characteristics and decomposition 
efficiencies. 



Table I’ 

Continuous-How digestion5 and on-line application\ 

Sample(s) 

Whole blood 

Biological 

Solid samples such ab a 

5lurry. e.g. sewage 

sludge, CRM 144 

and I46 

Sewage sludge. two ECB 

reference samples 

Hg compounds used to 

determine Hg recovery. 

lake. river and rain 

water, urine sample\: 

(Lanonorm metals I 

and ‘7. control urine 

for metals. lyphochek 

urine metals level II. 

seronorm trace 

elements urine and toxic 

metals in freeze-dried 

urine NIST SRM 

2670) 

Biological and 

environmental sample> 

Urine and envlronmental 

water5 

Digestion mode and special Required 
information equipment reagents 

-. 

FLOW-INJECTION: modified 

Panasonic (Model NE-7660 6660) 

domestic oven with a coiled Pyrex 

tube 1s used for dissolutions: 

peristaltic pump: Solvaflex tubing 

FLOW-INJECTION: a review with 

41 references about the use of 

microwave obens for the 

decomposition of biological sample\ 

and its combination with 

flow-injection AAS 

ON-LINE DIGESTION: closed 

flow-injection analysts systetn: 

slurries passed through a PTFE coil 

located in a domestic Balay Bahm 

100 microwave oven for digestion. 

then injected into a carrier stream 

and transported to an AAS flame 

using 3 peristaltic pump: I2 

samples h 

Direct introductton of blurries from 

batch digestions using a 

single-channel manifold: Influence 01’ 

Row-injectlon parameters on the 

sensitivity and accuracy of the 

procedure was established 

ON-LINE SAMPLE 

PRE-TREPITMENT: flow-mJection 

system: Prolabo Maxidigest MX 350 

o\en with a TX 31 Maxidigest 

programmer: focused mIcrowave 

digestor; PTFE reaction coil: 

peristaltic pump; tilters: antifoaming 

agents for urine analysib: CEM 

MDS-8 I D oven for otr-line 

digestions 

Triton X-100 Cu. Fe. Zn AAS 213 

(anti-clogging 

agent). HNO,. 

HCI 

H NO, 

Fi<‘l. KBrO,. Hg 

NaBH,. KBr. 

K2S20, KMnO, 

H,SO,. HNO, 

K,C‘r,O-. 

IGOH 

ON-LINE SAMPLE 

PRE-TREATMENT. How-injection 

system: Prolabo MaxIdIgest MX 350 

o\en: focused microwale digestor: 

PTFE reaction coil: perlstnltic pump 

ON-LINE DIGESTION: for 

flow-injection manifold. testing for 

the determination of the most 

successful oxidation mixtures: 

optimization of chemical reagent\ 

and analytical conditions; I? 30 

sample5 h 

Analytc Method of 

analysis 

Ref. 

FI-AAS 114 

Pb FAAS 215 

Cu. Mn. Ph FI-AAS 216 

AAS. WC;- 217 

AAS. 

FI-CV-AAS 

compatible 

for Hg 

HCI. KBrO,. As. BI. Hg. 

NaBH,. KBr. Pb, Sb. Se. 

INH,),S,O,. Sn. Te 

HNO,. 

CH,COOH. 

H,SO,. NaOH 

K,S,O,. haOH. As. Bi. Hg. 

K&I HCI. Pb. Sn 

KBrO,. 

(hH,),S,O, 

HNO,. 
CH,COOH. 

HISO,. 

Tartaric acld 

HG-AAS. 218 

CV-AAS. 

AAS 

CV-AAS. 119 

HG-AAS 



Table 11 (continued) 
Continuous-How digestions and on-line applicationa 

Sample(s) Digestion mode and special 
mformation equipment 

Bovine whole blood. 
human whole blood and 
concentrated blood. 
recoveries of five Hg 
compounds 

Artichoke. dietary 
products, sewage 
sludge, certified 
tomato leaves and 
sewage sludge samples 

Bovine liver (SRM 1577). 
orchard leaves (SRM 
1571). other botanical 
standards (e.g. MOE 
vs5-I) 

CRMs: mussel, chlorella, 
sargasso. pepperbrush. 
bovine liver (SRM 

1577zi) 

Horse kidney reference 
material, bituminous 
coal (NIST 1632b). 
Hershey’s cocoa powder 
pine needles (SRM 
1575). bovine liver 
(SRM 1577a). oyster 
tissue (SRM 1577a) 

ON-LINE: Prolabo Maxidigest MX 
350 oven with a TX3 I MaxIdigest 
programmer: focused microw’ave 
digestor: IO m x 0.9 mm long PFA 
digestion coil knitted around a 
PTFE backbone tube, then coiled 
again to be water cooled: system 
maintenance discussed: compared 
with or-line autoclave digestion 
using open PTFE vessels. various 
reagents added at diRerent stages ot 
the system 
ON-LINE DIGESTION: Bala) 
Bahm IO0 domestic oven: using 100 
cm of 0.8 mm TeHonT” digestion 
coil; peristaltic pump for sample 
transport; ice water cooling bath 
then injection into an AAS 
FLOW-INJECTION: a patent for 
an apparatus including a 
continuous-flow digestion system 
STOPPED-FLOW DIGESTION 
SYSTEM: slightly modified domestic 
Toshiba (model EXP-l690C) oven: 
TeflonT”-PF.4 tube serve5 as ‘1 
sample container and a digestion 
vessel: closed-vessel approach 
minimizes the risk of sample crabs 
contamination: compared w,ith 
hot-plate digestion method 
Continuous-flow microwave 
digestion on-line with AAS: samples 
introduced as slurries with 5’:,# 
HNII,: comparison of flow-Injection 
with direct determination 
results--no loss in sensitivity 
ON-LINE SAMPLE 
PRE-TREATMENT: 
stopped-flow-injection system: CEM 
MDS-II oven; glass reaction vessel 
inside microwave cavity attached to 
PTFE tubing: pressure transducer. 
compared with microw,avc and 
hot-plate-ash methods: certain degree 
of maintenance required 

Required 
reagents 

Triton X-IOO. 
NaBH,. NaOH. 
HCI. Dow 
Corning DB 
IIOA: Si ant1 
foaming agent. 
KBr. KBrO;. 
KMnOl. HNO,. 
HCIO,. K,S,O, 

HNO, HIO, 

HCI. HNO, or Al, Ba, Cd. ICP-OES 273 
aqua regia or Cu. Fe. Mg. 

HNO, H20, Mn. Zn 

HNO, 

Triton 
X-100 HNO, 

Analyte Method of 
analysis 

Ref. 

HE FI-CV-AAS ‘30 

Cu. Mn AAS 221 

2’2 

Fe. Ca. Mg. 
211 

.4AS 340 

Fe. Ca. Cd. FAAS. 214 

Mg, Zn ICP-AES 

10. Automation and robotics 

The simplicity and efficacy of microwave dis- 
solution techniques easily lends itself to the ad- 

vantages of automation and robotics. Systems 
have been developed which are capable of 
weighing-out samples, adding acids, capping and 
uncapping vessels, carrying out microwave disso- 



Table 13 
Microwave extraction and desorption systems 

Sample(s) Digestion mode and special Required 
informationequipment reagents 

Analyte Method of 
analysis 

Ref. 

Lean lateritic Ni ores 
leached with H,SO, 

Li,upm doides leaves 

Lemon 

Plant 

Plants: raw and processed 
broad bean, cottonseed 
meal 

Soils, sand. silt and clay 

EXTRACTION: separation H,SO,. Ni 219 
extraction process for alamine (C, ,j 
immiscible liquids; gravity primary alkyl 
separation of mixed liquids is amine) 20, 
accelerated by microwave isodecanol IO 
irradiation by heating ov’er and kerosme 
10°C in 15-20 s; compared 70. VOl.“i>. 
with conventional gravity 
separation: suitable for Ni 
extraction from ores leached 
with H,SO, 
EXTRACTION: design, Solvents Varwus 230 
operational safety and elements. 
applicatons of a microwave pesticides 
digester system vvith rotor 
technology; pressure extraction 
(yields of 99% for pesticides). 
accuracy and recov’ery rates 
presented 
EXTRACTION METHOD: MeOH Hedera-saponm HPLC 131 
National Panasonic (Model NE C and 
1330) domestic oven; all but the alpha-hederin 
summary written in French 
EXTRACTION: essential oil Essential oils 131 

extracted by a current of air as 
sample heated for 5 min was 
identical when compared to 
steam distillation 
EXTRACTION: of aroma Aroma CC 233 

compounds compared to steam compounds 
distillation 
EXTRACTION: of essential Essential oils 234 

oils (1 min) compared to steam 
distillation (2 h) 
EXTRACTION: of antinutritive Various X35 

compounds compared to the anti-nutritiv*e 
Soxhlet extraction technique: compounds: 
microwave extraction found to (pyrimidine-glu- 
be more elective with respect cosides and 
to yields and protection of gossypol) 
compounds; method suitable for 
the rapid extraction of large 
sample series 
EXTRACTION: domestic Water c. N EWaCtiOn 236 
Sharp (Model R-6740) oven; vvith 0.5 M 
for C and N. microwave K2SOJ and 
biocide potential compared vvith ninhydrin 
chloroform fumigation method; method for N. 
microwave method not as oxidation 
effective as CHCI 1 fumigation diflusion for C 
for microbial biomass estimates 
in soils due to inactivation of 
enzymes normally activ*e during 
the 14 h of fumigation 



Table 13 (continued) 
Microwave extraction and desorption systems 

Sample(s) Digestion mode and special Required 
information equipment reagents 

Analyte Method of 
analysis 

Ref 

Sediments EXTRACTION: domestic 
Kenmore (Model 85962) oven: 
extraction of pesticides using 
open 5 mL Reacti-Vials: 
microwave extraction (30 s x 5 
repeats) compared wjith other 
conventional techniques such as 
Sohxlet (8 h of Soxhlet 
extraction). polytron and 
reflux --better recoveries: 
ev,aluation of sediment 
moisture. microwave etfects. 
extraction time and solvent. 
pesticide concentration and type 

Yeast. lupine. maize. soya EXTRACTION: domestic 
bean. baby food. walnut. Toshiba ER 638 ETD type 
meat flour. Fava bean. ov’en: closed screw-cap vaials. 
cottonseed and soils compared with Soxhlet and 

shake-flask method; almost I00 
times faster than traditional 
methods: more efficient than 
Soxhlet extraction for polar 
compounds with 
water-containing solv,ents: 
recoveries of non-polar 
compounds were only slightly 
less with a non-polar water-free 

Food 

solvent: higher recoveries for 
sensitive molecules due to lower 
temperatures and shorter 
extraction ttmes 
EXTRACTION: a patent for 
an analytical apparatus for 
drying of a preweighed sample. 
reweighing to determine volatile 

Aromattzed products: 
candies. chewing gum. 
coffee 

loss. followed by solvent 
extraction. and final 
measurement of residual solids, 
may be automated 
EXTRACTION: of aromatic 
fraction (essential oils): 
compared with conventional 
methods such as refluxing. 
simultaneous 
distillation solvent extraction, 
hydrodistillation 

Various 
solvents and 
solvent 
mixtures 

Pesicides CC 237 

MeOH HZO. Crude fat. 
or methanol or vicme. 
hexane convicine. 

gossypol. 
pesticides 

HPLC. chrom- 238 
atographic 
column 

Fats, oils 

Aromatics CC- MS 

239 

240 

lutions. diluting digestates. transferring vessels, 
and even cleaning and reusing the vessels. Once 
such a system is operational. the only things the 

analyst has to do is supply and place the repre- 
sentative sample(s) in locations recognized by 
the system and then initiate the controlling pro- 



Table 13 (continued) 
Microwave extraction and desorption systrms 

Sample(s) Digestion mode and special Required 
information equipment reagents 

Analyte Method of 
analysis 

Ret- 

Various samples 

Organic compounds. 
coconut charcoal 

EXTRACTION: a patent for a None Determination 141 
microwave vacuum oven; of volatile 
quickly removes volatile material 
material from samples without content 
overheating them; oven has a 
vacuum chamber for receiving 
samples in a closed vessel and a 
vacuum source for expelling 
\,olatiles: object is to accelerate 
removal of volatiles. eliminate 
weight determinations and 
reduce problems from 
overheating 
DESORPTION: use of a Cycle-hexane. Isolation of CC-MS 
microwave desorption apparatus water. chemical 

742 

for releasing compounds from 
the surface of particulate matter 
collected on a filter; IOU MW 
species recovery more efficient 
than the Soxhlet extraction; 
> 130 Watts required to desorb 
high MW compounds: 
microwave basics: both polar 
and non-polar species may be 
desorbed 

standards components 
containing 
polycyclic 
aromatic 
hydro-carbons. 
pesticides and 
PCBs in 
acetone 

gram. Automation and robotics not only work 
around the clock they also free analysts of often 
tedious and potentially dangerous work, 
allowing them to perform other, more 
intellectually challenging tasks. Table 18 
summarizes primarily the application and 
functioning of these systems. One of these 
automated systems has been patented [298]. 

11. Other relevant articles 

The few articles remaining are quite specific 
and do not readily fit into any of the other 
categories. They include a discussion of a 
vessel cooling technique [303], special equipment 
[304]. microwave oven modifications [305], fun- 
damental relationships and prediction methods 
[306], safety [307], temperature control [308]. 

temperature measurement [309] and super- 
heating effects [310]. These are summarized in 
Table 19. 

12. General considerations 

Great care should be taken when using the 
pressure-digestion methods outlined above. This 
is particularly true when new protocols are 
being developed. Many of the references given 
describe methods in which oxidizing and 
reducing agents which react to form gaseous 
products are heated together in sealed vessels. 
There are few reports of accidents in the 
literature, but most of those involved in 
development work have encountered explosions. 
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Table I4 
Microwa,e Kjeldahl systems 

Sample(s) Digestion mode and special 
informationequipment 

Required reagents Analyte Method of 
analysis 

Ref. 

Limonene (Citrus oil) 

Seven ~011s. wheat leaf. 
corn grain. rice straw 

Succinimide oil C 5935 

Food: milk. wheat flour, 
powdered egg, casein. 
meat and grass hay 

Eight .41 horizons of 
italian soils 

Food 

Amino acids: Val. Ser. 
Leu. Phe. Tyr, Trp. 
Cys. cassaba and 
gamelte leaves, 
fractional corn germ. 
ocumo. white broad 
beans. precooked corn 
flour, milk powder 
and whey. squid and 
octopus flour. canned 
ham 

KJELDAHL METHOD: open 
I L Pyrex boiling flask for 
distillation connected to a 
collectton apparatus outside 
oven: compared with steam 
distillation 
KJELDAHL METHOD: CEM 
MDS-RlD oven: (I ) closed 
Teflon’” PFA vessels: and: 
(2) 50 mL Kimax or Pyrex 
Erlenmeyer flasks for 
microwave Kjeldahl method: 
compared with conventional 
method 
KJELDAHL METHOD: a 
patent: a receiver wnith retention 
capacity extended by a 
cylindrical neck and a 
microwave cavity w*hose height 
is almost the same as the 
receiver: new microwave oven 
compared with using an IR and 
conventional microwave ovens 
KJELDAHL METHOD: 
collaborative study involving 1 I 
labs. as an alternative Kjeldahl 
method 
KJELDAHL METHOD: CEM 
MDS-8 I D oven: closed 
TeflonTM vessels: compared 
with three other conventional 
methods 
KJELDAHL METHOD: 
Maxidigest MX-350 focused 
microwave digester: a prototype 
application of an expert system 
for a fully automated. open 
vessel, focused microwave 
digestion system; based on 
selection of reagents. reagent 
volume. digestion time. average 
power and analytical method 
KJELDAHL METHOD: 
National Panasonic (Model 
NE-6660) domestic oven; closed 
200 mL thick-walled Pyrex glass 
test tubes fitted with 
polypropylene screw caps on a 
Petri dish inside a sealed 2 L 
plastic jar: Labconco 
micro-Kjeldahl apparatus, 
Model 601300 coupled to a 
Pregel-Parnas-Wagner 
distillation unit. Model 
705 I -G 10 

CuSO,mH,SO,mK,SO,. 
then (NH,),SO, 

(1) HCI. HF. H,BO, 
(2) H,SO,. K,SO, 

H,SO,-Kjeldahl catalyst 

H2S0,- H,O, and no 
catalyst 

HF-HCI. then H,BO, 
then H201 

Reagents are provided by 
the expert system based 
on the input of analysis 
criteria 

H,SO, K,SO, HgO 

Total N Modified 
Kjeldahl 
method 

243 

Total N Modified 
Kjeldahl 
method 

Total N m 1 h Modified 
Kjeldahl 
method 

Modified 
Kjeldahl 
method 

244 

245 

246 

Total N Micro-Kjeldahl 247 
apparatus 

Strictly KJELTEC 248 
adapted to the 1026 
Kjeldahl N (PERSTORP) 
determination 
in food 
samples 

Total N Kjeldahl 
method 

249 



Table IJ (continued) 

Micro\\ave K.icldahl systems 

Digestion mode and special 

information equipment 

Sample(s) Reqtnred reagents 4nalyte Method of 

analysis 

Ref. 

Meat 

Organic samples 

KJELDPIHL METHOD: 

Prolabo Maxxhgest oven: 

three-step I I minute digestion 

program; 19 minute digest for 

tryptophan; compared with 

con\entlonal hot-plate method 

using Cu as a catalyst 

KJELDAHL METHOD: a 

patent for a micro\\ave-based 

apparatus: reactive vessel 

cvtends via a hollou tubular 

body outside the olen; air 

cooled; scrubber for digestion 

gas evolution removal 

Oven modifications should be carried out with 
caution. since leaked microwave radiation poses 
a health hazard. An excellent summary of this 
aspect is given by Kingston and Jassie [170]. 

The conversion of electrical energy into mi- 
crowave energy by a magnetron is an inefficient 
process [X3]. However, since a microwave oven 
heats internally yet does not become heated it- 
self, and may not heat the vessel containing the 
sample. microwave ovens are more economical 
than conventional electric ovens for some appli- 
cations [263,3 17,3 1 SJ. 

The efiect of pressure on the boiling point of 
a solvent is well known and widely understood. 
but it has recently been reported that many or- 
ganic solvents, when heated in a microwave 
oven at atmospheric pressure, may boil at tem- 
peratures 13-36°C above their normal boiling 
points [327]. The explanation for this probably 
lies in the fact that conventional boiling occurs 
via heat transfer from the walls of a vessel. 

Total N KJeldahl 

method 

250 

Total N Modlficd 

Kjeldahl 

method 

251 

where there are large numbers of nucleation 
sites. In microwave heating however. heat trans- 
fer takes place far from the walls. where the 
number of nucleation sites around which bub- 
bles may readily form is very limited. leading to 
superheating effects. 

A few reports have appeared which suggest 
that. in certain instances. reactions carried out 
by microwave heating give different products 
from those carried out by conventional heating 
[3X. 3291. This question is of great concern to 
the food industry. in view of the widespread use 
of domestic microwave ovens, and so Unilever 
and Nestli sponsored a special meeting on this 
issue during the summer of 1993. in Switzerland 
[?38]. It was generally agreed that all the 
anomalous results reported could be explained 
on the basis of localized superheating effects at 
different hotspots in the reaction mixtures, and 
that there Mere no athermal effects. This conclu- 
sion is not surprising in view of the energy con- 
siderations. Microwa\:e radiation is of low 
energy. about 1 J mol ’ of photons. When this 
is compared to bond energies (H-bonds approxi- 
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Table 15 
Databases and softhare packages for mtcrowav’e dissolution systems 

Sample(s) Digestton mode and special Required 
information equipment reagents 

Analyte 

All sample types depending 
on whether such a sample 
type exists in the 
database; however new 
samples and their 
dissolution procedures 
may be Invented and 
stored 

All sample types depending 
on whether such a sample 
type and standard method 
for dissolution exists in 
the database: however 
new samples and their 
dissolution procedures 
may be invented and 
stored 

All sample types depending 
on vvhether such a sample 
type and standard method 
for dissolution exists in 
the database; however 
new samples and their 
dissolution procedures 
may be invented and 
stored 

All sample types depending 
on whether such a sample 
type and standard method 
for dissolution exists in 
the database; however 
new samples and their 
dissolution procedures 
may be invented and 
stored 

HYBRID Varies with Specified by 
EXPERT-DATABASE sample type. user 
SYSTEM I: provides advice on Information 
the microwave preparation of available 
samples elemental analysis: within software 
furnishes information on the package 
dissolution of samples: based 
on a microcomputer and 
commercially available software 
EXPERT-DATABASE Varies with Specified by 
SYSTEM 2: provides advice on sample type. user 
the microwave preparation of Information 
samples for elemental analysis; available 
furnishes information on the within software 
dissolution of samples; standard package 
methods encapsulated in a 
database format which can be 
transferred among laboratories 
generation of microwave 
procedure files; applicable to 
automated and robotic (Zymate 
Lab Automation System) 
systems/procedures 
DATABASE: Automated Varies v:ith Specified by 
(Zymate Lab Automation sample type user 
System) intelligent control of Information 
microwave sample preparation: available 
three integrated components; (I ) vvithin software 
database to assist in selecting package 
new procedure parameters; 
(2) retrieving parameters for 
establishing procedures. and: (3) 
control of sample preparation 
and dissolution 
DATABASE: nearly 780 Alone or Specified by 
ditferent outlines of open-v,essel combined pairs user 
focused microwave digestions of reagents: 
using the Microdigest A300 H,SO,. boric 
system stored in a database acid. HCI. 
which define guidelines and HF. HNO, 
propose reference digestion and H,02 
procedures: procedures were 
analyzed statistically according 
to selection of and combination 
of reagents. reagent volume. 
digestion time. average power 
and analytical method used 

Method of 
analysis 

Specified by 
user 

Specified by 
user 

Specified by 
user 

Specified by 
user 

Ref. 

125 

‘26 

221 

228 



175 

Ref. 

Various sample types 

Various sample types 

Various sample’ types 

Variow sample type> 

Various sample types 

Various sample types 

Variouh sample types 

Various sample types 

Various sample types 

Various sample types: plant 

leaves. nickel allo!. 

silicate material. 

coal Ayash. organics. 

geological (Fe ore. 

dolomite). copper nickel 

ore. wool. aluminum. 

bronze 

Inorganic materials 

Blood. ores. food, cement. 

quartz. silicate fibrrs 

Animal. plant. ore and alloy 

samples 

Samples with complex 

biological matrices 

Man) sample types 

Biological. food. plant. 

blood. geologIcal. soil. 

sediment. environmental 

material\. waste mater. 

sewage sludge. coal. oil. 

metallic materials. fl) 

ashes and other samples 

REVIEW: 69 references covering the application of microwave techniques in 

analytical chemibtry uith respect to sample chssolutlon. moisture determiwtion. 

AES and chromatography 

REVIEW: 37 references dealing with application of microwave oven\ for drymg. 

dissolution of samples. acceleration of reactions and preparation of new materials 

in the laborator> 

REVIEW: 54 references dealing with spplicatlona of mlcrowaws and then- 

application for sample dissolution 

REVIEW: Eight-reference> cwering the history and application5 of mwowa\c 

heating for acid digestion of samples: commercial ‘tpplication 

REVIEW: 40 references concerning the applications of microwake heating for 

dissolution and decomposition of organic and inorganic materials for element,d and 

Isotopic analysis: principles. adrantagcs and instrumental equipment discussed 

REVIEW: 38 references dealing with the techniques of mlcrobvabr heating and their 

uses covering four sections: mechamsm of sample decomposition. general 

applications. areas of attention and conclusion 

REVIEW: I9 references covering the theoretical concepts. equipment and their 

applications m microwave heating for ,lcid dwolutlon. tbo mechanlams discussed: 

ionic conduction and dipole rotation 

REVIEW: I7 references concerned \\ith the v.orking principle. equipment and 

applications of microuave digestion 

REVIEW: without references discussing the advantagca of high-preaure 

degradation compared with conventional high-pressure method\: requirement5 for 

vessel materials employed 

REVIEW: 14 references cohering theor!. Instruments tA4S and ICP-AES). 

applic8tions. methods and advantages of microwave digestion rutractlon technlyue 

REVIEW: 28 reference\ giving optIon for the use of domestic micro\\ave obenr 

and PTFE vessels for sample d&solution: various lab. practices and euamplr\ ol 

successful dissolution recipes: safety: \cacl and microwave oven limits and 

specifications; Kjeldahl determinatwn\ 

REVIEW: 36 references concernmg drnslfymg and strengthening ceramic 

components: economy of using microwave o\ens: dielectric measurements: rates of 

heating: equipment: reaction kinetic enhancement 

REVIEW: six references covering the prmciples of microwave energ) and 

instrumentations and advantages of mlcrowtive decomposition 

REVIEW: 25 references outlining the characteristic5 of micro\havc heating: aad< 

and waels used 

REVIEW: ten refercnccs describing tiiIcro\~~l~e-;Ls\i\led high-temperature and 

pressure wet ashmg systems for aampte preparation of complex biological matrIces; 

automated control of prehsure and temperature 

REVIEW: 72 reference\ relating to the digestion mechanism: open and closed 

vessel systems; eficirncy: commercial micronave digestion systems: application\ 

REVIEW: 181 references covermg the apptlcations of microu.a\e dissolution 

252 

‘53 

‘54 

755 

256 

257 

158 

259 

760 

261 

262 

‘63 

764 

265 

‘66 

267 

‘68 
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Table 16 (continued) 
Reviews covering microw,av>e apphcations 

Sample types Review details Ref. 

Various samples REVIEW: 51 references discussing the characteristics of sample preparation. factors 269 
affecting microwave absorption. equipment and uses for the technique 

Geological (phosphate rock. REVIEW: a book covering dissolution methods, monitoring and prediction of 
tin ore, sulfide ore. Au digestion parameters, guidelines for developing dissolution methods. Kjeldahl N 
ore. Ni an Cu ores. feeds, determination, manual and remote operation of microwave systems, remote 
concentrates and tails. Pb operation for dissolutions in highly radioactive environments. robotic systems and 

safey guidelines. theoretical concepts of microwave heating and equipment design; 
flow-injection-ICP 

or Ag fire assay beads 
and chromite). metallic. 
botanical, biological 
(blood), pharmaceutical 
(v*itamins. artreonam). 
metallurgical (NBS 121C 
steel. Cu slag, superalloys 
NBS 127 PbbSn solder 
and TiO,): and food 
samples 

Organic and geological 

Metal contaminated soils 

Food and feeds 

Food 

REVIEW: 39 references outlining microwave oven systems and dissolution 
techniques 
REVIEW: 50 references covering the benefits. ovens, soil digestion methods. 
organic bound metals and engineering applications 
REVIEW: no listed references discussing the interest in microwaves for rapid 
analysis of agrofood products and preparation for analysis 
REVIEW: no listed references discussing the interest in microwaves for 
mineralization of food products; discussion of recently developed automated 
systems 
REVIEW: two references describing the advances in paper moisture measurement 
by microwave loss 
REVIEW: 21 references covering the working principle of microwave sample 
dissolution; applications to sample dissolution 

. . . 

Paper 

Biological. geological. and 
other samples 

Minerals. rocks. ceramics 
and other related 
materials 

Samples amenable to 
ICP-AES analysis 

Soil and plant material 

MACSP: two sediments, 

and three seawater CRMs 
three biological tissues 

270 

271 

272 

273 

274 

275 

276 

REVIEW: direct heating of minerals showmg how they heat; explanation as to why 277 
based on the mineral’s chemical composition and physical properties 

REVIEW: ten references concerning advances in plasma emission transport 
processes (for ICP-AES) with an emphasis on direct injection nebulization 
techniques 

278 

REVIEW: without references discussing the advantages of using microwaves during 279 
the high-pressure degradation for trace analysis: compared to conventional 
high-pressure methods: special requirements and materials employed: MWS 1200 
system described 

REVIEW: 21 references: an overview of the Marine Analytical Chemical Standards 281 
Program (MACSP) including rapid dissolution techniques using microwave heating 

REVIEW: I I references: development and apphcation of new equipment for sample 280 
preparation. robotics, instrument control and data handling, for soil testing and 
plant analysis 

REVIEW: I4 references concerned with the theory. instruments. applications. 
methods and advantages of microw)ave techniques for dissolution 

282 



mately 20 kJ mol ‘. the CH bond energy 
about 350 kJ mole ‘), it seems unlikely that mi- 
crowave energy could preferentially rupture any 
chemical bonds. 

The isotope of carbon, “C, which is a 
positron emitter, has a half-life of just 20 min. 
This means that if “C-1abelled compounds are 
used in PET studies. at the end of the testing 
period, residual radiation will quickly decay, re- 
ducing the risk of radiation damage to the pa- 
tient. But. as the half-life is so short, speedy 
synthesis of labelled compounds is essential. 
This is an area where microwave synetheses can 
be used very effectively [330]. 

12.6. Linrd reuc’tior2 wssrls 

The latest reaction vessels available for diges- 
tions or syntheses incorporate a TeflonrMpPFA 
liner, cover and rupture membrane enclosed in a 
casing and cap of Ultemr”-polyetherimide. 
These are safe at pressures of up to 200 psig 
(1380 kPa) and temperatures up to 250°C. Spe- 
cial vessels that can operate at up to 600 psig 
(4140 kPa). or even 1600 psig ( 11 040 kPa) are 
also available. The vessels are also available 
fitted with ports to accommodate temperature 
and pressure probes [331~ 3351. 

12.7. Temprruturr probes 

Temperature is a crucial factor in all chemical 
reactions and digestions, but some difficulties 
arise if conventional thermocouples are used in 
the reaction mixture inside the microwave cav- 
ity-the microwave radiation may interact di- 
rectly with the probe. This problem has been 
resolved by the use of fibre optic probes. Several 
types are used, depending on the manufacturer 
[33 l-3341. 

12.8. Digestion s~~strn1.s Il.itll both trrnprraturr 
und prrssure monitors urid settings 

Four systems are now commercially available 
which incorporate simultaneous pressure and 
temperature monitoring [331-3341. The reaction/ 
digestion may be pre-set to run at either a given 
temperature, or a given pressure. The tempera- 
ture or pressure may be programmed to vary in 
a step-wise fashion over a pre-determined time 
period. The systems are microprocessor-con- 
trolled, and printouts of reaction conditions may 
be obtained. 

13. Conclusions 

Though only relatively recently developed, the 
microwave-assisted dissolution technique is 
rapidly becoming the method of choice for the 
routine handling of large numbers of analytical 
samples. Although the approach does not so far 
provide a universal sample preparation tech- 
nique, it does offer certain advantages over con- 
ventional dissolution techniques. For example, 
the rate-determining step for sample throughput 
is usually sample preparation. Microwave-as- 
sisted dissolution techniques offer a reasonably 
economical solution to this problem. As the re- 
sult of saving time. these techniques are gener- 
ally more economical in the long run as well, 
through savings due to reduced labor costs. 
Also, these techniques often require smaller 
amounts of sometimes expensive reagents, can 
contain corrosive fumes thereby preventing con- 
tamination and loss of volatile elements, require 
less supervision, are simpler and more efficient, 
and have proven to be reliable. Another ma- 
jor advantage of the speed with which mi- 
crowave-assisted dissolutions occur. is that this 
can lead to rapid availability of results. Modern 
process control often requires constant monitor- 
ing of analytical parameters-these are some- 
times available via on-line XRF analyses, but 
often AAS or ICP results are needed, so that a 
rapid sample dissolution method becomes a ne- 
cessity for efficient plant operation. 
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Table 17 
General reports concerning microwave applications 

Sample(s) Digestion mode and spectal 
information equipment 

Required reagents Analyte Method of 
analysis 

Ref. 

Foods, biological. botanical, GENERAL REPORT: general 
man-made oils, guidelines for microwave sample 
environmental, sludge. preparation: advantages and 
geological. coal, metallic disadvantages of classical and 
and ash samples microwave dissolution 

techniques. extractions: Kjeldahl 
analysis; safety 
GENERAL REPORT: 
comparison of high-pressure 
mtcrowavable bomb method 
with EPA method 3050 
GENERAL REPORT: 
Proceedings of an International 
Conference on Millimeter and 
Submillimeter Waves and 
Applications 
GENERAL REPORT: 
Microwave dissolution: 

Various samples 

Various samples 

development of a new sample 
preparation technique 
GENERAL REPORT: 
comparison of the use of 
polycarbonate and Teflon’-h’ 
vessels; discussion of sample 
types not amenable to 
microwave-assisted digestion; 
compared with Na,O, fusion 
method 
GENERAL REPORT: reviews 
(I 1 references) a selection of the 
available techniques and the 
results obtained from the 
analysis of several types of 
samples 

Ceramics. dried fish tissue, GENERAL REPORT: describes 
Fe oxide, minerals. foods, the Q Wave-1000 microwave 
lipstick. paint. paper pulp, digestion system (Questron 
peanut butter, oils. Corp.): power readout. 
alumina catalyst. alloys, microwave-transparent internal 
coca. fly ash, silicon glue. temperature and pressure 
sediment. solid waaste. probes, automatic load 
paints: practically all types adjustment. computer integration 

and on-line applications 
directory. efficiency. safety 
mechanisms and full graphics 

SRMs: serpenttte. limestone, GENERAL REPORT: CEM 
dolomite. andesite. MDS-81 D oven: critically 
hawtaiian basalt. granite. evaluates results obtained from 
marine mud, cody shale using closed I20 mL 
and nepheline syenite PTFE-PFA vessels, compared 

with alkali fusions using a 
muffle furnace and open 
TeflonT”’ PTFE beakers on a 
hot plate (HClO,-HF) 

Depends on the 
sample type 

Whatever is Appropriate 283 
required by the for 
analyst determination 

AAS, ICP-ES 284 

285 

286 

Depends on the 
sample tytpe 

287 

288 

AAS. ICP. 
ICP-MS 

289 

HF~ HNO, HCI, Seven mineral ICP-AES. 290 
oxides and nine ICP-MS 
other elements 
by ICP-AES, 38 
elements by 
ICP-MS 
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Table 17 (contrnued) 
General reports concerntng microwave applications 

Sample(s) Digestion mode and special 
mformation equipment 

Required reagents Analyte Method of 
analysis 

Ref. 

Non-specific GENERAL REPORT: a focus 
outlining the problems with 
conventional techniques and the 
advantages of usrng microwave 
drsaolution techniques 

None None None 

GENERAL REPORT: a focus Various acids and 
outlining NBS-CEM acid mixtures 

Non-specific Non-specific 

191 

792 

Corporation’s developments in 
microwave dissolution 
technology and techniques: 
closed vessels, replacing 
conventional methods, pressure 
and temperature measurements, 
microwave muffle furnace 

Synthetic polymers. GENERAL REPORT: 
inorganic and organic discussion of new areas of 
acids. water and oreanic microwave technology 
solvents application in labs. and process 

engineering; material properties 
and absorption coefficients given 

Inorganic and organic GENERAL REPORT: 
samples non-microwav,e methods of acid 

pressure decompositions in trace 
element analysis; advantages 01 
pressure decompositions. 

None None 293 

Various acids and 
acid mixtures 

Whatever ia 
required by the 
analyst 

Whatevjer is 
suitable for 
the 
determination 

‘94 

problems. PTFE vessel material. 
safety, pressure casings. heating 
systems. decomposition eihciency 
and conditions and sample types 
discussed 

Techniques involving microwaves are not Microwave-assisted dissolutions, though rela- 
without faults albeit they can be minimized. One tively rapid, do themselves have one disconcert- 
disadvantage when compared with the use of ingly slow step. This is the necessary delay in 
open digestion vessels is that dissolution vari- opening closed vessels with high internal pres- 
ables such as sample weight and type. acid vol- sures. These must be cooled to room tempera- 
ume, microwave power, microwave distribution ture in order for this pressure to be reduced to 
homogeneity and duration of exposure must be a safe level. Several methods of shortening cool- 
collectively acknowledged and controlled with ing times have been investigated such as internal 
all due respect to the possible explosive nature vessel cooling systems. refrigeration or use of a 
of the method. However, such control itself is freezer. cooling in ice, water or some other cold 
advantageous since dissolution conditions are material such as liquid nitrogen. However. the 
accurately reproduced without surpassing vessel time required for cooling of vessels by whatever 
limitations. As well. analyte accuracy and preci- method is only a minor inconvenience when 
sion limits within batches of samples should be considering how much time can be saved in per- 
reduced due to this reproducibility. forming dissolutions. For example, it takes 24 h 
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Table 18 
Automation and robotics for microwave systems 

Sample(s) Digestion mode and special information equipment Method of 
analysis 

Ref. 

Various sample types 

Mineral. organic or 
organometallic 
compounds 

Organic and inorganic 
samples 

Titanium dioxide 

Environmental 

Refractory tantalum metal 
powder 

AUTOMATION: microwave systems with remote control 
AUTOMATION: focused microwave source to decrease dissolution 
time; open vessels: compared with classical techniques 
AUTOMATION: Microdigest A 300 using open and closed sytems AAS. ICP 
AUTOMATION: a patent, for an oven capable of receiving 
sample containers. means of placing samples at a fixed place inside 
its cavity, means of transporting samples to and from the oven 
and an automated command module; application selects the 
method, temperature and duration of exposure depending on the 
sample type 

295 
296 

797 
298 

AUTOMATION: Microdigest A301 system; description and 
applications 
AUTOMATION: CEM MDS-8ID ov’en: 140 mL Milestone 140-10 ICP-AES 
digestion vessels equipped with pressure regulatmg valves: robotic 
system weighs out samples. adds acids. torques on caps, carrtes out 
microwav*e dissolution, dilutes and transfers the solutions to 
beakers and cleans the digestion vessels; 60 samples:l6.5 h: 
reliability: software written in MODULA-2: sample identification 
data and operating parameters: closed 140 mL vessels with 
pressure regulating valves 

299 

300 

AUTOMATION: integrated system of independent computer 
programs to encapsulate and transfer standard methods which 
involve automated equipment 
ROBOTICS: a robotic system in a quality control laboratory DCP 
environment for trace element analysis for the control of a 
manufacturing process; closed TeflonTv vessels. After cooling the 
digestate is diluted robotically. Better precision and accuracy for 
some volatile elements using the robotic system 

301 

302 

for the complete dissolution of wool using classi- 
cal methods whereas only eight minutes are re- 
quired using microwave digestion [227]. This is 
180 times faster! 

The usefulness of microwaves in analytical 
chemistry is increasingly evident. From a meager 
start in the 70s represented by only seven refer- 
ences, publication has increased to 132 references 
in the 80s and to 166 references in only the first 
four years of the 9Os! This review has not only 
shown that microwaves can be used in the dissolu- 
tion of a wide variety of sample types but also in 
other analytical areas as well. Microwave energy 
has proven to be useful in shortening drying, 
extraction, Kjeldahl determination. ashing and fu- 

sion times as well as in increasing efficiency. Mi- 
crowave techniques are also exceptionally 
applicable to continuous flow and on-line systems 
due to their simplicity and ease of use. These 
systems are now commerically available although 
essentially still in the prototype stage, but within 
the next year or so they will most likely replace 
the closed-vessel methods described above in 
high-throughput situations. 
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Other relevant articles 

Report details 
- 

VESSEL COOLING TECHNIQUE: CEM MDS-8ID oten: closed or open 120 mL TeflonTL’ vessels; during. 

pre- and post-digestion coolmg technique of vessels using microwave transparent liquid N,. speeds up cooling 

times. lowers internal pressures: pressure release mechanism and transducer 

SPECIAL EQUIPMENT: modified domestic oven; magnetic stirring device. fibre optic and fluoroptic 

thermometer, discussion of microw/ave heating mechanisms 

MICROWAVE OVEN MODIFICATIONS: modified commercial oven; cavity lined with polypropylene. a 

polypropylene turntable. incorporatlon of inlet and outlet port5 and the use 01‘ an external sy>tem to purge the 

oven’s cavity 

Understanding and identification of the Fundamental relatlonshipc l’or controlling Interactions between microwa\c 

energy and sample-acid solutiona: to develop methods for predicting digestion conditions accomplished by 

measuring parameters required to calculate microwave power absorption and temperature 

SAFETY: concerned with routine acid digestions or microwave heating of’ liquids in sealed vehsels which do not 

have designed safety mechanisms for pressure relief: acid attach of equipment 

AA 
AAS 

ASV 
CRA 
CV-AAS 
DCP-AES 
DPASV 

DPP 
ETA-AAS 
ET-AAS 
FAAS 

FANES 

FP-ICP 
FI-AAS 

Atomic adsorption 
Atomic obsorption 
spectroscopy/metry 

Anodic stripping voltammetry 
Carbon rod atomizer 
Cold vapor-AAS 
Directly coupled plasma-AES 
Differential pulse anodic stripping 
voltammetry 
Differential pulse polarography 
Electrothermal atomization-AAS 
Electrothermal AAS 
Flame atomic absorption 
spectroscopy 
Furnace atomic non-thermal 
excitation spectroscopy 
Flame photometry-ICP 
Flow injection-AAS 

1261 

Ref. 

303 

303 

305 

306 

307 

TEMPERATURE CONTROL: inlet and outlet ports for circulating chilled water through Tqgon tubing connected 308 

to a 50 mL jacketed reaction vessel or to a small reflux condenser. an independent thermistor temperature probe 

(0 100°C): used to maintain solutions at constant temperature5 

TEMPERATURE MEASUREMENT: a miniature gas thermometer using a pressure transducer indicate5 the 309 

temperature of samples heated by microwaves without undesired ctrects of traditional probe\: serbes as the basib 

of a safety device that prevents the accumulation of flammable Lapor when orgamc molecules arc irradiated 

SUPERHEATING EFFECTS: liquid surface is at the normal b.p. whereas the bulk contains aubstantlal locahzed 310 

superheating with these areas sl&htly above the b.p. (several degree\) 

FI-CV-AAS 
CC 
CC -MS 

GF 
HG-AAS 
HG-AFS 

HPLC 

IC 
ICAP 
ICP-AES 

ICP-ES 
ICP-MS 
ICP-OES 
ID-MS 
INAA 

NAA 
OES 
PET 
PNNA 
PIXE 

Flow-injection-CV-AAS 
Gas chromatography 
Gas chromatography -mass 
spectroscopy 
Graphite furnace 
Hydride generation-AAS 
HG-atomic fluorescence 
spectroscopy 
High performance liquid 
chromatography 
Ion chromatography 
Inductively coupled argon plasma 
Inductively coupled plasma-atomic 
emission spectroscopy 
ICP-emission spectroscopy 
ICP-mass spectroscopy 
ICP-optical emission spectroscopy 
Isotope dilution-mass spectroscopy 
Instrumental neutron activation 

analysis 
Neutron activation analysis 
Optical emission spectroscopy 
Positron emission tomography 
Preconcentration NAA 
Particle induced X-ray emission 
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WD-XRF 
XRF 
XRS 
XRD 
ZE-GF-AAS 

BAM ECRM 

BCR 

BCS CRM 
CBR 
CCRMP 

CRM 
CSAN CRM 

DWB 
ECB 
GFS 

IAEA 

IRSID 
MBH 
MOE 

NBS 
NIES 

NIST 

NRCC 

RM 
SKD 
SRM 

Wavelength dispersive XRF 
X-ray fluorescence 
X-ray spectroscopy 
X-ray diffraction 
Zeeman effect-HG-AAS 

Vessel rnaterirrls 

PFA 
PTFE 

Bundensanstalt fiir Material- 
forschung und-prufurg (BAM) 
Euronorm CRM 
Community Bureau of Reference 
(BCR, Belgium) 
British Chemical Standard CRM 
Community Bureau of Reference 
Canadian Reference Materials 
Project 
Certified Reference Material 
Czechoslovakian Analytical 
Normal CRM 
N:A 
European Community Bureau 
G. Frederick Smith Chemical 
Company 
International Atomic Energy 
Agency 
N:A 
N.A 
Ontario Ministry of the Environ- 
ment 
National Bureau of Standards 
National Institute for Environmen- 
tal Studies (Japan) 
National Institute of Standards 
and Technology 
National Research Council of 
Canada 
Reference Material 
N/A 
Standard Reference Material 

Perfluoroalkoxy [337] 
Polytetrafluoroethylene 
(TeflonTM) [3373 

TeflonrM PFA A copolymer-fluoroalky 
backbone has perfluoroalkoxy 
side chains [337] 

TFM-PTFE Tetrafluorometoxil-polytetrafl- 
uoroethylene [36] 
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Abstract 

A new selective open tubular capillary gas chromatographic method is developed for the determination of trace 
amounts of piperazine. Piperazine is extracted from pharmaceuticals into cyclohexane and is partitioned with water. 
The aqueous solution is then injected into a 5% crosslinked PhLMe silicone column programmed at 50- 180 “C for 
10 min. Piperazine is eluted after 3.18 min under isothermal conditions. The lower limit of determination is 0.4 ppm. 
This method has been successfully applied for the assay of piperazine in pharmaceutical formulations and its trace 
determination in fluoroquinolone drugs such as norfloxacin and ciprofloxacin. The method is reproducible and the 
standard and relative standard deviation for 10 repeated injections of 2 fig piperazine are 0.7 and i2.1’% respectively. 

Kewwrds: Capillary gas chromatography; Piperazine: Pharmaceuticals 

1. Introduction 

Piperazine is one of the most potent drugs used 
as anthelmintics. It is also one of the raw materi- 
als used in the synthesis of fluoroquinolone drugs 
such as norfloxacin. ciprofloxacin. etc. [l]. The 
pharmacological significance of piperazine has led 
to the development of several methods for its 
determination in pharmaceutical formulations. 
Nonaqueous titration [2] and gravimetric methods 
[3] are the most popular. In addition several col- 
orimetric methods [4&20] have been reported for 

__- 
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its determination. However. these methods are 
not applicable for the determination of residual 
piperazine in fluoroquinolone drugs. A survey of 
the literature failed to indicate a suitable method 
for the trace analysis of this compound. Methods 
such as high performance liquid chromatography 
(HPLC) and potentiometry. reported for the de- 
termination of norfloxacin or ciprofloxacin, can- 
not be used for piperazine. This necessitates the 
development of a suitable method for the determi- 
nation of residual piperazine in pharmaceutical 
formulations and their standards. 

In this paper a new, sensitive and selective 
capillary gas chromatographic method is pro- 
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posed for the determination of piperazine. Piper- 
azine is extracted into water and injected into a 
pre-conditioned column of 5% PhhMe silicone. 
The column is programmed at 50- 180°C for 10 
min. The lower limit of determination is 0.4 ppm. 
This method has been applied for the determina- 
tion of residual piperazine in norfloxacin, 
ciprofloxacin, etc. The results have been compared 
with those from other established methods and 
found to be satisfactory. 

0 3.18 10 

Retention time, min 

Concentration of piperazine is 0.4 ppm 

Fig. I. Chromatogram of piperazine 

2. Experimental 

2.1. Reagents 

All reagents used were of AnalaR grade and 
solvents were supplied by Merck. Piperazine was 
obtained from Aldrich. Doubly-distilled deion- 
ised water was used. 

increased by 15°C min ’ to 180°C and held at that 
temperature for 10 min. The injection volume was 
1 ~1 on the column. Standard and sample solutions 
were injected in five replicates. Data analyses were 
performed on a HP 3395 integrator system. Cali- 
brated glassware was used for all volumetric pur- 
poses. Millipore 0.45 urn filters were used for 
filtration of samples. 

2.3. Anu!,,ticul standud prrpurution 

2.2. Equipment 

A Hewlett Packard Series II 5890 gas chro- 
matograph with a flame ionization detector and a 
30 m x 0.3 mm i.d fused silica column coated with 
a 3.0 Ltrn film of 5% cross linked Ph-Me silicone 
was used. The carrier gas was nitrogen, at a flow 
rate of 1 ml min ‘, measured with a bubbler flow 
meter at a column temperature of 50°C. The 
injector and detector temperatures were kept at 
200°C and 225°C respectively. The column temper- 
ature was programmed at 50°C for 5 min, then 

Stock solution ( 1000 ppm): 100 mg of anhydrous 
piperazine was accurately weighed in to a 100 ml 
calibrated volumetric flask and made up to the 
mark with distilled water. 

Working standard: working standards were pre- 
pared by appropriate dilution of the stock solution. 

2.4. Procrdures 

2.4.1. Prrpurution of’ culibrution grupph 
1 /tl of an aliquot of standard piperazine solu- 

tion (0.4410 ppm) was injected into a pre-condi- 

250 x 10’ 

200 x 103 

150 x lo3 

100x lo3 

50x lo3 

01 I I I 0 I 
0 10 20 30 40 50 60 

Concentration, p g 

Fig. 2. Calibration graph for piperazine 
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Retention times of solvents and piperazine 

Compound Retention time (min) Compound Retention time (min) 

Piperazine 
Methanol 
Ethanol 
Acetone 
Diethyl ether 
Isooctane 
Dochloromethane 
Chloroform 

3.21 DMF 21.3 
2.21 Benzyl alcohol 27.5 
2.73 Ethyl acetate 5.6 
3.15 DMSO 23.4 
2.85 Carbon tetrachloride 6.95 
3.17 Benzene 7.6 
3.69 Hexane 4.41 
4.95 

tioned column programmed at 50- 180°C under 
programmed conditions. Instrumental and inte- 
grator parameters such as attenuation, range and 
chart speed were set at their optimum values. A 
calibration graph of peak area vs. concentration 
was prepared. 

2.4.2. Determinution of‘ piptwcine in norfhacin 
and ciprqfloxacin 

1 g of norfloxacin was transferred into a 25 ml 
separatory funnel along with 10 ml (2 x 5 ml) of 
cyclohexane. The mixture was shaken thoroughly 
for 10 min and filtered under suction with a 0.45 
pm filter. The cyclohexane filtrate was partitioned 
with 10 ml water in another separatory funnel for 
10 min. The organic phase was discarded and the 
aqueous phase was thermostatted at 45°C for 10 
min. 1 ~1 of this solution was injected on to the 
column as described above. 

Table 2 
Percentage recovery,extraction etliciency of piperazine from 
real samples 

Sample Piperazine Piperazine ‘%I Recovery 
added found 

We) (IQ) 

Norfoxacin USP 3.5 (kO.4) 
5 8.4 ( iO.1) 98.8 

10 13.4 (fO.2) 98.8 

Ciprofloxacin HCI 2.6 (kO.2) 
5 7.5 (kO.3) 98.1 

10 17.4 (kO.1) 98.4 

2.4.3. Determination oj’piperuzine in piprruzinr ci- 
trutr 

1 mg of piperazine citrate was taken in a 100 ml 
volumetric flask and diluted to 100 ml. 1 ~11 
aliquots of the sample were injected on to the co- 
lumn as described above. 

3. Results and discussion 

A composite chromatogram showing the reten- 
tion time of piperazine is given in Fig. 1. Under 
optimum conditions piperazine was eluted as a 
singlet. The mean peak area and retention time 
are 77 214 (AU) and 3.18 min respectively. The 
attenuation and range of the instrument were set 
according to the concentration of the sample. The 
lower limit of detection is the concentration which 
would give a peak height equal to three times the 
baseline noise. This value for piperazine was 0.4 
mg. A monovariant calibration graph was made 
with the integrator for assay. A linear relationship 
between the peak area and concentration is shown 
in Fig. 2. The slope, intercept of the best fit line 
and coefficient of correlation are 5.876, -0.0063 
and 1.000 respectively. 

The compatibility of various solvents for ex- 
traction of piperazine from fluoroquinolone drugs 
was studied. Although piperazine is highly soluble 
in water. water is not the preferred solvent since 
most of the pharmaceuticals used in the present 
study were also soluble in water. The performance 
of the column is affected in such cases. Among 
several solvents studied such as acetone, ethanol, 
methanol, isooctane, dichloromethane, chloro- 
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Table 3 
Comparison between the results obtained from the proposed method and the USP method” 

Sample 

Norfloxacin USP 

Ciprofloxacin HCI 

Piperazine added (pg) 

5 
10 
25 

5 
IO 
25 

Piperazine found (pg) 

Proposed method 

4. I 
8.0 

13.9 
29.0 

1.8 
6.4 

11.1 
26.1 

USP method 

16.3 
16.3 
16.5 
21.5 

24.2 
24.4 
24.5 
19.8 

“Means of three replicate analyses are given. 

form and cyclohexane. cyclohexane was found to 
be the best for extraction of piperazine. After the 
extraction of piperazine into cyclohexane. piper- 
azine was partitioned into the aqueous phase prior 
to injection. Retention times of piperazine and 
general solvents are given in Table 1. 

The efficiency of the extraction procedure was 
studied by replicate injections of extracted piper- 
azine on to the column. The results are given in 
Table 2. 

perature does not have any adverse effect on 
performance. While analysing pharmaceutical ma- 
terials such as norfloxacin and ciprofloxacin, the 
column temperatue was raised to 180°C. This 
helps to avoid the interference of non-volatile 
residues and enables reproducible performance of 
the column. Under optimum conditions the 
column was programmed at 50°C for 5 min. then 
increased at 15°C min ~ ’ to 180°C and held at that 
temperature for 10 min. 

The effect of temperature on elution of piper- 
azine was studied. A column temperature of 50°C 
was sufficient for piperazine elution. Injector and- 
detector temperatures of 200 and 225°C were 
found to be the most suitable for the precise 
determination of piperazine. An increase in tem- 

Solutions for the linearity studies were prepared 
by suitable dilution of the stock. Reproducibility 
was assessed by performing 10 replicate injections 
of a solution containing 2 /lg of piperazine. The 
mean, standard and relative standard deviations 
were 1.974 ug, 0.041 118 and & 2.1% respectively. 

Table 4 
Results of analysis’ 

Sample 
No. 

Noriloxacin LSP (pg) Ciprofloxacin USP (g) Piperazine citrate (“!X) 

Ih II‘ Ib II’ P II‘ 

I 3.1 3.9 1.8 1.5 96.85 96.9 
2 3.7 3.55 1.6 I.41 96.1 96.0 
3 3.7 3.21 I .65 I .42 96.3 96.3 

“Means of three replicate analyses are given: analyses were carried out after extraction by the proposed method 
bProposed method. 
‘USP method after extraction. 



3.3. Applicutions 

The proposed method has been successfully ap- 
plied for the determination of residual piperazine 
in norfloxacin and ciprofloxacin and their reference 
standards (Table 3). Piperazine was also estimated 
by the potentiometric titration method of the USP 
[2]. The values obtained by the USP procedure 
were very high, due to interferences. Hence piper- 
azine was extracted as proposed here and analysed. 
Results of analyses are given in Table 4. 

3.3.1. Piprruzinr in refermcr mrterids 
The proposed method has been applied for the 

determination of trace impurities of piperazine in 
reference materials of norfloxacin and cipro- 
floxacin. About 1 mg of these substances was 
dissolved in 100 ml of water, filtered through a 0.45 
jlrn filter, injected on to a pre-programmed column 
and analysed as described earlier. 

4. Conclusion 

The capillary gas chromotographic method de- 
scribed above is novel, selective and sensitive to 
trace levels. The method has been successfully 
applied for the determination of residual piper- 
azine in norfloxacin and ciprofloxacin and for the 
assay of piperazine samples. The method is repro- 
ducible and free from interferences such as amino 
compounds and ammonia. The method is superior 
to non-aqueous titration and gravimetric methods. 
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Amperometric flow-injection method for the assay of L-ascorbic 
acid based on the photochemical reduction of Methylene Blue 

Luis E. Lehn* 

Abstract 

Ascorbic acid (AA) is determined by amperometric detection based on the photochemical reduction of Methylene 
Blue (MB+) in 0.1 M phthalate buffer at pH 3.8. In this medium, MB+ using flow-injection analysis. The carrier 
stream is 1 tnM MB + is reduced quasi-reversibly at a glassy carbon electrode at - 0.34 V vs. Ag;AgCI. while AA 
is oxidized irreversibly at about 0.3 V. The reactor is irradiated with a 500 W halogen lamp to facilitate the 
development of the photochemical reaction. A laboratory-built wall-jet electrode system was used. The Leu- 
comethylene Blue formed in the reaction is detected at + (I.050 V. At 2.2 ml min ’ and using a sample loop of 43 
,uI. the method allows the determination of AA in the range 5.k 90.0 /cg ml ‘. with a relative standard deviation of 
I .3-4X%, a detection limit of 1.9 j/g ml ’ and a sampling frequency of 45-W h ‘. 

K~Jww~: Amperometry; t--Ascorbic acid: Flow injection 

1. Introduction 

The determination of ascorbic acid (AA) has 
received great attention in analytical chemistry 
due to its wide use in soft drinks, human and 
animal food, and drugs. It is also important clini- 
cally to determine its concentration in blood, 
urine and some tissues [I]. Numerous conven- 
tional methods have been described for the deter- 
mination of AA [2.3]. Several flow-injection (FI) 
methods with electrochemical detection have also 
been proposed for its determination [4,8]. Strohl 

* Corresponding author. Fax: + 58 2 YOhiYhl: r-mail: 

Ileonicc,usb.\r 

Methylene Blue: Photochemical reduction 

and Curran [4] used a reticulated glassy carbon 
electrode to carry out the coulometric and amper- 
ometric determination of AA. achieving detection 
limits of a few nanograms. Almuaibed and Town- 
shend [5] used a miniamperometric detector for 
individual and simultaneous determination of uric 
acid and AA. Fogg et al., [6] used a sessile mer- 
cury drop electrode for determination of AA and 
dopamine without deoxygenation. Two ampero- 
metric methods using immobilized enzyme (ascor- 
bic acid oxidase) reactors have also been proposed 
[7.8]. 

The electrochemical characterization of Meth- 
ylene Blue (MB + ) in aqueous solution has been 
reported [9- 1 l] and it is known that MB + is re- 

0039-9110 96 %15.00 c 1YYh Elwier Science F3.V 411 right\ resrr\td 
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duced to Leucomethylene Blue (LMB) by a re- 
versible two-electron process [ 121. 

In a previous paper [13], AA was determined 
indirectly by spectrophotometry at 666 nm based 
on the photobleaching of MB+ in a Fl system. 
Samples of AA were injected into a bulfered 
MB+ carrier stream. The peaks recorded were of 
decreasing absorbance owing to the reduction of 
MB + with AA. Although the method was shown 
to be very simple and accurate, it only allowed 
determination of AA in the range 0.18-6.12 ,Llg 
ml ~ ‘. In this paper, luminous light is again used 
for determination of AA by photobleaching of 
MB+ in a FI system. The determination is based 
on the measurement of the current due to the 
oxidation of LMB formed during the photo- 
bleaching process. The present method allows di- 
rect, amperometric determination of AA in the 
range 5.0-90.0 pg ml ~ ‘. This is a more accept- 
able linear range to work in particularly for the 
kind of samples being considered. 

2. Experimental 

2.1. Reugents 

All reagents used were of analytical-reagent 
grade purity. AA and 2,6-dichloroindophenol 
were purchased from Merck and MB + was pur- 
chased from Aldrich (basic blue 9, C.l. 52015). 

AA B 1 

Fig. I. Schematic diagram of the FI configuration used: A. 
thermostated water bath; B, reactor; C. tungsten lamp; D. 
mechanical shutter; E, light intensity regulator; F, detector: G, 
injection v,alve: H. light-tight protection; W, waste; Q, peri- 
staltic pump; AA. ascorbic acid: MB, Methylene Blue. 

Frg. 2. Laboratory-built electrochemical flow cell: A, working 
electrode: B. Teflon body; C. Teflon tubing (inlet); D, auxiliary 
electrode: E. glass holder; F, reference electrode; G, glass 
tubing (outlet). 

2.2. Manijdd 

Fig. 1 shows the scheme of the FI configuration 
used. The sample is injected into a MB + carrier 
stream (0.1 M phthalate buffer at pH 3.8) by 
means of an Omnifit 1106 sample injection valve 
(G). The reactor B (Teflon, 150 cm long, 0.5 mm 
i.d.) is irradiated with a 500 W halogen lamp (C) 
to facilitate the development of the photochemical 
reaction. The reactor is wrapped around a Pyrex 
test tube and placed in a thermostatically-con- 
trolled water bath (A) 5 cm below the water level 
and 15 cm from the radiation source. The tubing 
connecting the reactor and the electrochemical 
detector (F) was protected from light with black 
PVC tubing of 1 mm id. Flow rates were main- 
tained using a Gilson Minipuls 3 peristaltic pump 
(Q). 

2.3. Appututus 

A three-electrode potentiostat (Tacussel 
PGS201T) with electrochemistry software (Tacus- 
se1 ELCOM201) was used for the cyclic voltam- 
metry experiments. Amperometric measurements 
were made by means of a PAR 173 potentiostat/ 
galvanostat equipped with a Houston Instruments 
Omnigraphic 2000 X-Y recorder [14]. Fig. 2 
shows the laboratory-built electrochemical flow 
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cell. It was equipped with a glassy carbon elec- 
trode (0.071 cm’) (A), a platinum wire auxillary 
electrode (D), and a 3 M KCl. Ag/AgCl reference 
electrode (F). 

2.4. Procedure 

Samples and standards were examined using the 
flow system shown in Fig. 1. Samples of vitamin 
C tablets were dissolved in 50 ml 0.1 M HClO,. 
The final solution was filtered and diluted to 
volume with 0.1 M HClO,. Dilute samples were 
prepared by appropriate dilution in 0.1 M phtha- 
late buffer. The final pH was 3.8. The resulting 
solutions were protected from light during all 
experiments and kept in a refrigerator prior to 
use. 

3. Results and discussion 

Fig. 3 illustrates the cyclic voltammogram of 1 
mM MB+ (curve A) and 1 mM AA (curve B) in 
0.1 M potassium hydrogen phthalate at 5 mV 
s - ‘. MB + is reduced at a glassy carbon electrode 
at - 0.34 V giving LMB, which is oxidized at 
- 0.27 V, while AA is oxidized irreversibly at 
about + 0.3 V. The LMB formed in the reaction 
between MB + and AA can be detected at 
+ 0.050 v. 

E fmV) VI Aq/AgCI 

Fig. 3. Cyclic voltammograms of 1 mM MB (A) and I mM 
AA (B) in 0.1 M potassium hydrogen phthalate. 0.1 M KCI, 
10 pM TX; pH 3.8; scan rate. 5 mVs-‘. 

I 0.1 )A A 

Fig. 4. Amperometric response to 30.0 pg ml ’ of AA. A, 
without TX: B. after adding TX. 

3.1. FI vuriables 

The reactor was irradiated with a 500 W halo- 
gen lamp to facilitate the developement of the 
photochemical reaction. The variation of the FI 
peak with light intensity was similar to previous 
results [13]. It increases almost linearly up to 90% 
of applied power, after which the peak height 
becomes independent of intensity. All the experi- 
ments were done at 90% of maximum power. The 
signal increases linearly with pumping rate be- 
tween 1.0 and 3.0 ml min ~ ‘, The experiments 
were done at 2.2 ml min - ’ with a loop of 43 ,ul. 
These conditions give a residence time of 20 s and 
a sampling rate of 45 50 h ~ ‘. The increase in the 
signal with the temperature was not significant. 
However, the heat produced by the lamp increases 
the water temperature up to 32°C: therefore, this 
temperature was chosen for further experiments. 
Fig. 4 shows the response of the detector when a 
sample of 30.0 pg ml -’ of AA is injected in the 
FI system. Fig. 4A shows the poor reproducibility 
of the signal after each injection. This effect can 
be suppressed if each injection is made after 
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Table I 
Determination of .4A in vitamin C tablets 

Sample” AA content“ Amperometry’ .AOAC F-test t-test 

A IO00 997.0 (0.87) 997.2 (0.29) 9.00 - 0.05 
B 500 498.3 (0.92) 497.4 (0.31) 8.84 0.42 
c 500 498.6 (0.89) 498.8 (0.39) 5.19 - 0.09 
D 500 497. I (0.61) 496.’ (0.47) 1.69 0.19 
E 500 498.2 (0.96) 498.9 (0.34) 7.91 -0.1 I 

.I All samples gave on dilution a white suspension of starch. which is used as a “vehicle” in these preparations. They also contain 
fructose (A-D) and artificial fruit flavor compounds (E). In addition. sample A contains sodium carbonate. A, RedoxonR 
(effervescent). Merck. S.A.: B. Lilly Co. of Venezuela; C. Roche Products. S.A.: D. Roche Products, S.A. (generic); E. Cebi6nR 
(chewable), Merck. S.A. 
’ In milligrams per tablet 
’ Average of five determinations: milligrams per tablet; (RSD) 

reaching the baseline, but this takes at least 2 
min. This behavior was suppressed by adding 
Triton X-100 (TX) to the carrier solution [I?]. 
The result is illustrated in Fig. 4B. It seems that 
LMB. which is less soluble than MB + . tends to 
be adsorbed on the FI manifold. Furthermore. 
LMB tends to form compact and conductive lay- 
ers with MB + which is already adsorbed on the 
electrode. The presence of TX seems to decrease 
the adsorption phenomena of LMB, thus de- 
creasing the time needed to reach the baseline 
after each injection. The influence of TX concen- 
tration on the signals was not studied. 

The standard solutions of AA injected yielded 
a linear peak current-AA concentration re- 
sponse in the range 5.0-90.0 /lg ml ’ which 
obeyed the equation 

i, = 0.03194c - 0.1107 (r = 0.999) 

where i, is the peak current (/IA) and (’ is the 
concentration of AA (/lg ml ‘). The precision 
of the method expressed as the relative standard 
deviation for /I = 9 was 4.8”/;, and 1.3% for 5.0 
and 90.0 tig ml ’ of AA respectively. The detec- 
tion limit was 1.9 /lg ml ~ ’ (three times the base- 
line noise). 

A study of potential interferents that may be 
present in most vitamin C tablets [13] was per- 
formed with samples containing 10.0 pug ml ~ ’ of 

AA and loo-fold amounts of the following com- 
pounds: glucose, fructose, sacchrose, sodium 
tartrate. citric acid. sodium benzoate and maleic 
acid. There is no major interference from these 
species. Sodium benzoate may give the strongest 
interference. However. benzoate is oxidized 
at about + 0.150 V. Potential interference by 
this compound could be reduced by detecting 
LMB at more negative potentials, e.g. 0.0 or 
- 0.050 v. 

Table 1 lists five commercial AA samples. All 
samples gave a white suspension on dilution. 
This was found to be particles of starch, which 
is used as a “vehicle” in these preparations. 
Other general constituents of these drugs are 
fructose and citric acid. In addition, sample A 
contains sodium carbonate and sample E con- 
tains articificial flavor compounds. The method 
was not applied to assay AA in biological fluids; 
further studies with these kinds of samples may 
require additional information on matrix compo- 
sition. 

Table 1 lists the results obtained on applica- 
tion of the proposed method to vitamin C 
tablets. These results are compared with those 
obtained by the AOAC standard method [1.5]. 
Column five shows the results obtained on appli- 
cation of the F test. There are no significant 
differences between the standard deviations of 
both methods since the critical value of F for a 



two-tailed test at the 5% level of probability is 
9.605. Column six shows the respective results 
obtained on application of the t test. Since the 
critical value of t (P = 0.05) is about 2.31. it may 
be concluded that both methods give similar re- 
sults [16]. 

The conventional, titration method employs 
simpler. economical materials, and it is probably 
the method of choice for the analysis of few 
samples. However. the proposed method can be 
readily implemented on a very simple configura- 
tion and it is the best choice for the analysis of 
large amounts of samples. There is a further 
advantage of the FI system: the carrier solution 
once prepared can stand for a long period of time 
without losing its titer. In the titration method, 
solutions of, 2,&dichloroindophenol must be 
filtered and then kept out of direct sunlight and 
stored in a refrigerator; furthermore, their titer 
must be checked regularly [15]. 

The results indicate that the proposed method 
can be implemented on a very simple FI configu- 
ration with the typical advantages of continuous 
analysis over the conventional, time-consuming, 
titration method. The method described is ade- 
quate for measurements of AA in purified materi- 
als. specifically vitamin C tablets. However, 
compared to other amperometric determinations. 
the proposed method effectively lowers the ap- 
plied potential and the presence of other reducing 
agents with ascorbic acid may not interfere in the 
electrode reaction, Also. the inherent selectivity of 

the photobleaching process increases the potential 
of the method. 
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Abstract 

The rapid and simple reaction of 4-chloro-7-nitrobenzofurazane with amino acids allows the determination of 
amino acids in urine using cathodic stripping square wave voltammetry. The obtained compounds are adsorbed on 
a hanging mercury drop electrode for determination by voltammetric methods using phosphate buffer at pH 2.0 as 
supporting electrolyte. The proposed method allows determination with an error of d 5.68%. A limit of detection 
(30) of 3.64 nM (0.766 ng ml ‘) and a limit of determination (100) of 12.12 nM (2.55 ng ml ‘) are obtained for 
arginine determination. The proposed method has been applied to the determination of amino acids in urine. 

Keywords: Amino acid determination: 7-Chloro-4-nitrobenzofurazane; Square wave voltammetry 

1. Introduction 

The problem of the determination of amino 
acids for applications in the fields of medicine, 
biology, etc., can be solved with the use of 
voltammetric techniques. Several methods for de- 
termination of amino acids using electrochemical 
techniques have been proposed, depending on the 
concentration level and on the selectivity. For 
instance, a sample containing amino acids is de- 
composed by dry ashing and the amount of NH,, 
formed as a product of reaction, is determined 
using a selective electrode for NH, [l]. Several 
proposed methods are based on potentiometric or 

* Corresponding author. Tel.: ( + 32) 14-571-252: fax: ( + 32) 
14-584-273; e-mail: palmeiro@,davinci.irmm.jrc.be 

conductimetric titration, either of the amino acid 
[2-41 or its basic nitrogen in non-aqueous media 
[5]. These methods are very common in the deter- 
mination of arginine in the presence of aztreonam 
[6,71. 

Amino acids are able to form complexes with 
cupric ions [8] as well as charge-rate complexes 
with p-benzoquinone [9]. These properties have 
been applied to the calorimetric determination of 
amino acids in urine. 

The direct determination of amino acids by 
voltammetric techniques is usually performed 
with metallic electrodes such as Cu [lo] and Au 
[I 11. The amino acids are determined either by 
amperometric metal-amino acid complexation or 
by electrocatalytic oxidation to form metallic ox- 
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ides in the presence of the amino acid. Hui and 
Huber [ 121 used a nickel oxide working electrode 
for the direct determination of the amino acid by 
flow-injection analysis. A high oxidation state of 
Ni, maintaining the potential at + 0.49 V versus 
SCE, is involved in the reaction mechanism. The 
disadvantages of these methods are the lack of 
sensitivity and selectivity. 

The determination of amino acids by voltam- 
metric techniques is possible via a derivatization 
reaction. Nussbaum et al. [13] derivatized the 
amino acids with naphthalene-2,3-dicarboxyalde- 
hyde to give cyanobenzo (f) isoindole-amino acid. 
Using cyclic voltammetry, an anodic peak appears 
due to the oxidation of the indole group. In this 
way, the problem of the quenching effect. pro- 
duced in the determination of these compounds 
by fluorescence, is avoided [14]. Li et al. [15] 
determined the amino acids by cyclic voltammetry 
and differential pulse polarography in borax and 
acetaldehyde buffer. A Schiff s base is formed and 
the determination is carried out by the reduction 
of the imido group. Moreira et al. [16] derivatized 
the amino acids with phenylisothiocyanate to 
form phenylthioidantoin amino acids. The deter- 
mination was carried out by differential pulse 
cathodic stripping voltammetry in the presence of 
Cu(I1) salts. 

There are many publications concerning meth- 
ods of determination of amino acids using biosen- 
sors. These biosensors are based either on the 
response of different kinds of electrodes to the 
decomposition of amino acids to L-aminoacidoxi- 
dase [17- 191 or on measurement of the difference 
of potential generated by two biosensors [20]. In 
the case of arginine, either electrodes with immo- 
bilized arginase and urease using Tris-EDTA 
buffer as supporting electrolyte [21] or electrodes 
with immobilized Streptococcus fuecium bacteria, 
selective for arginine [22], have been used. 

The derivative reagents which are used for de- 
termination of amino acids are common to every 
type of amino acid and, as a result, each deriva- 
tized amino acid exhibits the same response at the 
detector. Therefore, separation methods must 
be used for the determination of each of the 
amino acids. The separation technique most often 
used is high performance liquid chromatography 

(HPLC). The direct determination of the amino 
acid by HPLC with electrochemical detection is 
carried out with metallic working electrodes such 
as Cu [10,23,24], Pt [25]. or Ni using an alkaline 
eluent in the case of arginine and other com- 
pounds with a guanidine group [26]. In all cases, 
the detection is performed throughout the electro- 
catalytic oxidation of the metallic electrode in the 
presence of the amino acid. 

In most of the methods proposed for the deter- 
mination of amino acids by HPLC, a derivatiza- 
tion reaction is carried out. Typical reagents for 
the derivatization reaction are 4-fluoro-7-ni- 
trobenzooxadiazole [27-301, o-phthalaldehyde,/2- 
mercaptoethanol [31-341, ninhydrin [34], o-phth- 
alaldehyde-r-butylthiol [35], phenylisothiocyanate 
[31,36,37] naphthalene-2,3-dicarboxyaldehyde [38, 
391. perinaphthindantrione [40] or Sanger’s 
reagent (2,4-dinitrofluorobenzene) [41], using elec- 
trochemical detection or other methods. There are 
few methods for determining amino acids by gas 
chromatography [42]. 

Another separation method frequently used for 
amino acid determinations is capillary elec- 
trophoresis with Auorimetric detection [43347]. 
Olefirowicz and Ewing [47] added 3,4-dihydroxy- 
benzylamine to the buffer for the indirect determi- 
nation of amino acids by capillary electrophoresis 
with electrochemical detection. 

In this work the use of 4-chloro-7-nitrobenzo- 
furazane (CNBD) as derivative reagent in the 
determination of amino acids by voltammetric 
methods has been proposed. CNBD is a non- 
fluorescent reagent introduced by Ghosh and 
Whitehouse [48] in 1968. This reagent is converted 
into a highly fluorescent compound on reacting 
with compounds containing thiol and amine 
groups. Glycine reacts rapidly with this reagent in 
methanol or in aqueous solutions in the presence 
of potassium acetate. Cysteine methyl ester and 
glutathione react in aqueous solutions of phos- 
phate buffer at pH 7.0. 

Fager et al. [49] used CNBD as a derivative 
reagent for the determination of amino acids. The 
procedure for the derivatization reaction is de- 
scribed in Ref. [50]. The characteristic fluores- 
cence of the NBD-amines is best observed in 
solvents with low polarity at an excitation wave- 



length in the visible range (464 nm). Therefore, the 
use of quartz cells is not necessary for quantitative 
determination. The nitro and benzofurazane 
groups are electroactive and both electrochemical 
reaction mechanisms are widely known [51.52]. 
Imai and co-workers [27730] used this derivative 
reagent for the determination of amino acids by 
chromatographic techniques with electrochemical 
detection [27729] and others, but they did not 
study in detail the mechanism of reaction of both 
electroactive groups. 

The study of the electrochemical behaviour as 
well as the optimization of the experimental 
parameters for the quantitative determination of 
NBD-amino acids is discussed in this paper. The 
aim of this study is to improve the sensitivity of 
analytical techniques with the use of electrochemi- 
cal methods. In addition, the electrochemical tech- 
niques allow selective determinations and can be 
applied to complex matrices such as urine. 

2. Experimental 

2.1. Rrrtgrrl ts 

A standard solution of arginine (clorohydrate) 
from Sigma (St. Louis, MO) at a concentration of 
1 .OO x 10 ’ M dissolved in water was used with- 
out further purification and preserved at 4°C. A 
standard solution of CNBD from Fluka at a 
concentration of 1.00 x 10 -’ M dissolved in 
methanol was used without further purification, 
preserved at 4°C and protected from light. C,, 
Sep-Pak cartridges (Millipore) were used for the 
separation of amino acids from the urine. Amber- 
lite IR-120 cationic resin from Carlo Erba was 
used for the separation of the amino acid mixture. 
Tridistilled metallic mercury was used. All the 
reagents used were of analytical grade quality, and 
the water was deionized using a Milliro-Milli Q 
system (Waters), 

2.2. Apparutus 

A PAR Model 384B potentiostat with a PAR 
Model 303A polarographic stand, equipped with a 
hanging mercury drop electrode, a AgiAgCliKCl 

(3 M) reference electrode and a platinum counter 
electrode was used. A PAR Model 305 magnetic 
stirrer is coupled to the polarographic stand. 

A Bioanalytical System BAS-100 potentiostat 
equipped with a mercury pool working electrode. 
a saturated calomel reference electrode and a plat- 
inum counter electrode was used. The reference 
electrode and the counter electrode were isolated 
from the working solution with agarielectrolyte 
plug bridges. They were used for the coulometric 
experiments. 

A Hewlett-Packard 5890 Series II gas chro- 
matograph, equipped with a 5971A mass spectro- 
metric detector, was used for identification of the 
reaction products. 

2.3. Procedure 

The conditions used for the reaction of amino 
acids with CNBD are the following: to a test tube 
are added 2 ml of methanol, 100 ,~l of a saturated 
solution of sodium acetate in methanol, 20 ,~l of a 
solution of 1 .OO x 10 ’ M CNBD and 5 ,~l of a 
solution of 10 ’ M arginine in water. The mixture 
is heated in a water bath at 75°C for 20 min. 

First, an aliquot of the above-mentioned solu- 
tion is added to the supporting electrolyte. The pH 
is adjusted, if necessary, with a suitable amount of 
NaOH or HClO,. A purge of nitrogen is applied 
for 5 min at the beginning of the work and for 1 
min between each measurement. Each measure- 
ment is performed with a new mercury drop. The 
square wave voltammograms are recorded with 
the following parameters: square wave frequency, 
f’= 50 Hz; scan increment, AE = 2 mV; square 
‘wave amplitude, N = 20 mV. In the study of each 
parameter, in order to establish the most suitable 
conditions, the other parameters were kept as the 
values detailed above. 

The studies of the influence of pH and accumu- 
lation potential were carried out using the follow- 
ing buffers: 0.04 M phosphate buffer in the pH 
ranges 2.0-3.0, 6.0-8.0 and 11.0-12.0; 0.04 M 
acetate buffer in the range pH 4.0-5.0; and 0.04 M 
borate buffer in the range pH 9.0- 10.0. The equi- 
libration time after accumulation was 5 s and the 
rest of the instrumental conditions were as men- 
tioned above. 
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The coulometric study was carried out as fol- 
lows. The reaction of CNBD with arginine is 
performed, using a ratio of [CNBD]:[Arg] = 8:1, 
under the experimental conditions for the deriva- 
tization reaction described above. The products of 
the reaction are dissolved in 0.04 M phosphoric 
acid at pH 2.0 and the NBD-Arg is extracted in 
ethyl acetate. Once the solvent has been removed 
with a stream of nitrogen in a water bath at 50°C 
10.0 ml of 0.08 M phosphoric acid at pH 2.0 is 
added and the final concentration of NBD-Arg 
was 1.0 x lop4 M. The applied potential on the 
working electrode was - 300 mV vs. SCE. 

The procedure for separation of interferences, 
in order to achieve easy sample manipulation, is 
as follows. The original urine sample was col- 
lected 24 h before use and stored at 4°C in order 
to precipitate proteins. Then, the solutions were 
centrifuged at 2500 rev min ~’ for 3 min. The 
supernatants were adjusted at pH 2.0 and passed 
over a C,, Sep-Pak cartridge previously activated 
by passing the following solvents through the 
cartridge: ethanol, ethyl acetate, 0.1 M ammo- 
nium acetate and water. The hydrophobic com- 
pounds are adsorbed on the silica but the amino 
acids remain in the solution. Afterwards, the 
amino acids are separated in a cationic resin 
IR-120 column (30 mm x 5.2 mm i.d.) previously 
equilibrated with 1.0 M HCl. The elution is car- 
ried out with solutions of 0.04 M citrate buffer at 
different pH values: 2.00, 2.50, 2.65, 2.80, 3.20. 
4.00 and 4.90 with a flow rate of 0.5 ml min ‘. 
An aliquot of each collected fraction is added to a 
mixture of sodium acetate, CNBD and methanol 
and then the derivatization reaction is carried out 
as described above. The product is diluted in 0.08 
M phosphate buffer at pH 2.0. Then the voltam- 
mograms are recorded under the most suitable 
conditions as determined from the calibration 
curve. 

3. Results and discussion 

Fig. 1 shows the square wave voltammogram of 
CNBD in 0.04 M phosphate buffer at pH 7.0 
(voltammogram a). The peak at - 380 mV (peak 
I) is due to the electrochemical reduction of the 

nitro group and the peak at - 1094 mV (peak Ill) 
is due to the electrochemical reduction of the 
benzofurazane (benzo-2-oxa- 1,3-diazole) group. 
The voltammogram of CNBD which has reacted 
with arginine (voltammogram b) shows a decrease 
in current of the peak due to the reduction of the 
nitro group and the appearance of a new peak 
at - 496 mV (peak II) which corresponds to the 
compound NBD-Arg. 

When an accumulation potential is applied for 
60 s there is no variation in the voltammogram of 
CNBD without amino acid (Fig. 2, voltam- 
mogram a). However, when CNBD has reacted 
with arginine, the current of the peak at - 496 mV 
increases (Fig. 2, voltammogram b) after the ap- 
plication of an accumulation potential for 60 s. 
This indicates that the NBD-Arg complex is ad- 
sorbed on the surface of the mercury electrode 
and that peak I, due to CNBD, does not interfere 
with peak Il. 

In the voltammograms corresponding to both 
solutions. another peak appears at - 650 mV. The 
origin of this peak has not been identified. The 
peak current is bigger in the voltammogram of 
CNBD with Arg than in the voltammogram with 
solely CNBD. When CNBD and Arg are present 

I II a) 

- 0.2 - 0.4 -0.6 -0.8 -1.0 -1.2 -1.4 E rv) 

Fig. I. Square wave voltammograms of CNBD (a) and NBD- 
Arg in a [CNBD]:[Arg] ratio of 4:l (b) without applying an 
accumulation step. Conditions: supporting electrolyte. 0.04 M 
phosphate buffer at pH 7.0: SW amplitude, 20 mV: SW 
frequency, 50 Hz: scan increment. 2 mV. 
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-0.5 -0.7 -0.9 E IV1 

Fig. 2. Square wave voltammograms of CNBD (a) and NBD- 
Arg in a [CNBD]:[Arg] ratio of 4:l (b) after the application of 
an accumulation potential of - 100 mV for 60 s. Other condi- 
tions, as in Fig. I. 

in the solution at pH 7.0 and have not reacted, 
this adsorption peak is already observed. In fact, 
the efficiency of the reaction is not quantitative 
under the given experimental conditions 
([CNBD]:[Arg] = 4: 1). Otherwise, there is no in- 
terference with this peak when arginine has re- 
acted quantitatively with CNBD under the most 
suitable experimental conditions for the determi- 
nation (a ratio of [CNBD]:[Arg] = 8:l and the 
supporting electrolyte at pH 2.0 as detailed 
below). 

It should be noted that no further purification 
is necessary after the derivatization reaction has 
been carried out. 

A study of the accumulation potential at each 
value of pH studied was carried out. Fig. 3 shows 
a three-dimensional plot of the peak current, i,,,, 
vs. pH and vs. accumulation potential, E,,. The 
optimum peak current is obtained at pH 2.0 
(jr, = 2.90 PA), when the applied accumulation 
potential is - 100 mV. Another maximum value is 
obtained at pH 8.0 when the applied accumula- 
tion potential is - 410 mV (iP = 2.25 /IA). How- 
ever, at basic pH the stability of the compound is 
low and the measurements are not reproducible. 

There is a linear relationship between peak 
potential and pH according to the equation: 

A study of pH was also carried out by cyclic 
voltammetry. using a scan rate of v = 100 mV 
s ~ ‘_ The best accumulation potential obtained at 
each pH by square wave voltammetry was applied 
previously for 60 s, and the equilibration time was 
5 s. The peak potential shifts with pH according 
to the equation: 

E,,(mV)= - 162-51.5 pH 

which value of the slope is very similar to the one 
obtained by square wave voltammetry. The value 
of the slope in both experiments suggests that the 
same number of electrons and protons are in- 
volved in the electrochemical reaction. 

The most suitable supporting electrolyte is 0.08 
M phosphate buffer at pH 2.0. 

The study of the derivative reagent:amino acid 
ratio was carried out by preparing several solu- 
tions with the same amino acid concentration and 
varying the proportion of derivative reagent. The 
results obtained are shown in Fig. 4 where i, vs. 
ratio of derivative reagent:amino acid. expressed 
as mol CNBD: mol Arg, is represented. The max- 
imum value of i, is obtained for a proportion of 
8:l and for higher ratios of CNBD to Arg the 
peak current does not increase. Hence, a CNBD 
to Arg ratio of 8:l was used as the optimum for 

E,(mV)= - 154-51.4 pH 
Fig. 3. Variation of i, with pH and accumulation potential. 
Accumulation time. 60 s. Other conditions. as in Fig. 1. 
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Fig. 4. Variation of i, with molar ratio of [CNBD]:(Arg]. 
Supporting electrolyte. 0.04 M phosphate buffer at pH 2.0: 
accumulation time. 60 s at - 100 mV; other conditions. as in 
Fig. I. 

the final experiments. By mass spectrometry. the 
estimated stoichiometry for the compound NBD- 
Arg is 2: 1, assuming that the molecular weight of 
the molecular ion is 499. From the results plotted 
in Fig. 4, a formation constant of KS= (1.4 + 
0.4)10” M-’ [53] has been evaluated. 

The variation of the accumulation time was 
performed with different concentrations of 
arginine. maintaining the ratio of Arg to CNBD 
at 1:4 (molimol). The results are shown in Fig. 5. 
At high NBD-Arg concentrations the adsorption 
is rapid, decreasing i, values are observed while 
the accumulation time increases once a maximum 
value has been reached. A maximum value for i, 
for smaller concentrations of amino acid is ob- 
served and once the maximum i, has been 
reached, i, decreases for longer accumulation 
times. Therefore the same tendency is maintained 
but in a less pronounced way. From these results. 
an accumulation time of 120 s for the final studies 
has been chosen. 

With the study of the influence of square wave 
frequency on the electrochemical response. several 
kinetic aspects, as well as the optimization of this 
parameter for the analytical application, can be 
deduced. The variation of i, with square wave 

frequency has a linear relationship according to 
the equation: 

$(/LA) = 0.77 + 4.26 x IO- ‘f‘(Hz) r2 = 0.995 

These data show that the process of electrochemi- 
cal reduction of the nitrobenzene group in NBD- 
Arg is regulated by a diffusion-controlled 
adsorption [54- 571. A square wave frequency of 
120 Hz was chosen as optimum for the final 
experiments. 

The variation of E, with the logarithm of the 
square wave frequency is adjusted to a linear 
equation: 

E,(mV) = - 192.8 - 46.9 logf(Hz) r2 = 0.996 

From the value of the slope, which corresponds to 
the expression AE,/Alogf = - RTjFnn [54], the 
charge rate coefficient can be evaluated. From a 
coulometric experiment performed using the con- 
ditions described in Section 2, the total charge 
exchanged on the electrode surface was 0.77 C, 
after blank subtraction, for 10.0 ml of a solution 
of 1 .O x 10-j M NBD-Arg. We have taken into 
account that the electroactive group studied (peak 
II, Fig. 1) is due to the reduction of nitrobenzene 

,.O~ 
30 

10 

0.0 

Fig. 5. Variation of i, with accumulation time. Supporting 
electrolyte, 0.04 M phosphate butfer at pH 2.0; accumulation 
potential - 100 mV for 60 s: other conditions as in Fig I. 
Concentrations of NBD-Arg: (i;) 2.5 x 10W6 M; (ia) 5.0 x 
IO-’ M: (0) 2.5 x IO- ’ M: (I~‘) 5.0x IO-* M. 
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Fig. 6. Cyclic voltammogram of CNBD- Arg with a 
[CNBD]:[Arg] ratio of 4:l. Conditions: accumulation time. 60 
s at ~ 100 MV: supporting electrolyte. 0.04 M phosphate 
buffer at pH 2.0; scan rate. 100 mV s ‘_ 

group (Ph-NO,+Ph-NHOH), and that two 
NBD groups are bound to the molecule of 
arginine. Then, the number of electrons involved 
in the electrochemical process, n = 4, is obtained. 
Therefore, a charge rate transfer coefficient of 
x = 0.31 is obtained. 

These data can be confirmed by cyclic voltam- 
metry. The voltammograms recorded (as shown in 
Fig. 6) have the characteristic shape of a totally 
irreversible electrochemical process and corre- 
spond to the electrochemical reduction of a ni- 
trobenzene group. There is a shoulder at a 
potential more anodic than the peak of NBD--Arg 
and this is due to the excess of CNBD that has not 
reacted with arginine. The NBD-Arg complex is 
strongly adsorbed on the electrode surface and 
hence the CNBD peak (peak I) is overlapped by 
the NBD-Arg peak (peak II). The variation of i, 
with scan rate is linear, according to the equation: 

i,@A)= 1.45 x lo-‘- 1.53 x 10 ‘1’ v’=O.987 

where I: is expressed in millivolts per second. The 
representation of peak current vs. scan rate indi- 
cates that it is a diffusion-controlled adsorption 

process. The variation of the logarithm of peak 
current with peak potential obtained for each 
applied scan rate is linear, according to the 
equation: 

log( $) = - 4.48 - 1.73 x 10 ~ ‘E,(mV) 

r’ = 0.979 

where i, is expressed in microamperes. The value 
of the slope, which corresponds to the expression 
A log i,/AE, = - xnF/RT [57], allows one to eval- 
uate the charge rate coefficient. A charge rate 
coefficient of z = 0.29 is obtained by cyclic voltam- 
metry, which is very close to the value obtained by 
square wave voltammetry. 

Up to a square wave amplitude (SWa) of 50 
mV, the peak current increases with the SWa, and 
for higher values of SWa the peak current remains 
constant. Hence. a SWa of 50 mV is applied for 
the final studies. Up to a SWa of 10 mV, the 
representation of iP vs. SWa is adjusted to a 
straight line according to the equation: 

i,@A) = 0.122 + 174.0 SWa( P’) r’ = 0.990 

The electrode surface concentration on the mer- 
cury drop can be calculated from the value of the 
slope of this equation [57]. The electrode area is 
0.0278 cm’ and hence a value off = 4.3 1O-9 mol 
cm ~’ is obtained. 

There is an increase in i, with the scan incre- 
ment range studied, from 1 to 10 mV: there is also 
an increase in half peak width from 65 to 155 mV 
with scan increment from 1 to 10 mV respectively 
as well. Therefore, with an agreement between 
selectivity and sensitivity in order to get the best 
optimization of the method, a scan increment of 
AE = 4 mV is applied for the final studies. 

Once all the parameters that can affect the 
determination of arginine with CNBD have been 
studied, the variation of the peak current with 
concentration of NBD-arginine is performed. The 
most suitable conditions obtained from the previ- 
ous studies of the experimental parameters have 
been applied. 

A series of arginine solutions of different con- 
centrations reacted with the CNBD in a ratio of 
CNBD:Arg = 8:l using the method described in 
Section 2. An aliquot of each reaction product is 



added to a solution of 0.08 M phosphate buffer at 
pH 2.0 as the supporting electrolyte. An accumu- 
lation potential of - 100 mV was applied for 120 
s followed by an equilibration time of 2 s at - 100 
mV. The voltammograms were recorded with a 
square wave frequency of 120 Hz, a scan incre- 
ment of 4 mV and a square wave amplitude of 
50 mV. 

A linear relationship between the peak current 
and the concentration of arginine in the concen- 
tration range 5.0-85.0 nM (1.05 17.9 ng ml ~ ’ or 
arginine) is obtained according to the equations, 
adjusted by least-squares: 

i&A) = - 0.0852 + 0.0256C 

where C is the concentration of arginine expressed 
in nanomolar and 

i,(pA) = - 0.0852 + 0.122C 

where C is the concentration of arginine expressed 
in nanograms per milliliter. The correlation co- 
efficient in both cases is Y’ = 0.999. 

From the corresponding statistical study, the 
proposed method allows one to perform the deter- 
mination of arginine with a relative error of d 
2.0% and a relative standard deviation of < 5.7%. 
From the standard deviation of the blank, a limit 
of detection (3a) of 3.64 nM (0.766 ng mll ‘) 
and a limit of determination (lOa) of 12.12 nM 
(2.55 ng ml ~ ‘) are obtained. 

Using the same experimental conditions for 
other NBD amino acid complexes, similar results 
are obtained, as expected. In fact, CNBD is not a 
specific reagent for arginine but it is for general 
use with primary and secondary amines. Different 
calibration plots for each amino acid, with small 
variations in sensitivity, are obtained. These varia- 
tions depend on the stoichiometry of each NBD- 
amino acid and on the amount of NBD-amino 
acid adsorbed on the mercury electrode. Fig. 7 
shows the corresponding standard additions of 
several NBD-amino acids in a 25 nM solution of 
NBD-Arg. Hence, the proposed method can be 
used as a general method for the determination of 
amino acids. It is necessary to apply a separation 
method for the determination of a single amino 
acid in urine samples following the method de- 
scribed above. 

The quantification of the levels of amino acids 
in urine, once the separation method has been 
applied, can be performed using the calibra- 
tion plot. The recovery in this procedure is 
79 + 3% for all samples. The recovery was moni- 
tored in each part of the separation method using 
both spectrophotometry with ninhydrin [58] 
and the proposed voltammetric method and simi- 
lar results were obtained in all cases. The levels 
of amino acids found in urine samples taken 
from ten different individuals were in the range 
3.5-4.8 nM. 

The following list gives some representative val- 
ues of individual amino acid concentrations (mM) 
found in urine. The pH values of the collected 
fractions are shown in parenthesis. 

Arginine 
Aspartic acid 
Lysine 
Glycine 
Aspargine 
Cysteine 
Tryptophan 
a-NHz-butyric acid 

0.0220.04 (4.87) 
0.0550.08 (2.62) 
0.10-0.16 (4.53) 
1.20- 1.60 (3.33) 
0.03-0.06 (4.18) 
0.0880.12 (3.48) 
Absence (3.23) 
Absence (3.07) 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 

Cont. (nM) 

Fig. 7. Standard additions of NBD-amino acids in 35.0 nM 
solutions of NBD-Arg. Conditions: supporting electrolyte, 
0.08 M phosphate buffer at pH 2.0; accumulation potential, 
- 100 mV for 120 s; SW amplitude. 50 mV; SW frequency, 
I20 Hz: scan increment. 4 mV. (C) NBD-Aspartic acid; (0) 
NBD lysine: (V) NBD-aspargine: (0) NBD-serine. 
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Similar results have been obtained using spec- 
trophotometry with ninhydrin as well. The rela- 
tive standard deviations for the amino acid 
determinations are < 6.2%. These values are in the 
range of normal levels of amino acids in urine for 
healthy humans [59]. 
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Abstract 

A rapid and sensitive spectrophotometric method has been developed for the quantitative determination of some 
phenothiazine derivatives as the pure substances and in different dosage forms. The method is based on the formation 
of red coloured products with 1% iodic acid in sulphuric or phosphoric acid medium. The reaction involves oxidation 
of the phenothiazine nucleus into a semiquinonoid radical. The optimum reaction conditions and other analytical 
parameters are evaluated. The influence of the substrates commonly employed as excipients with phenothiazine drugs 
has been studied. Statistical comparison of the results with those of an official method shows excellent agreement and 
indicates no significant difference in precision. 

Kqwords: Phenothiazine drugs: Spectrophotometry 

1. Introduction 

Phenothiazine drugs are now widely used as tran- 
quillizers, antihistaminics, antiemetics, analgesics 
and sedatives. In view of their importance consid- 
erable work has been done on their detection and 
quantification. Methods used for the determina- 
tion of these drugs include titrimetry [1,2], spec- 
trophotometry [3-Q fluorimetry [9], coulometry 
[lo], gas liquid chromatography [l l] and high 
performance liquid chromatography [ 12,131. The 
official methods normally involve non-aqueous 
titrimetry or ultraviolet spectrophotometry [ 14- 
16]. The widespread use of these drugs has neces- 
sitated the development of a rapid, simple and 
precise method for their quality control. 

* Corresponding author. Fax: (+91)821-521.263 or 169: 
e-mail: mul@nicfos.ernet.in 

In the present paper, a study of the spectropho- 
tometric determination of seven phenothiazine 
drugs is described. The proposed method is based 
on interaction of phenothiazines with iodic acid in 
the presence of sulphuric or phosphoric acid 
medium to yield a red coloured product. The 
proposed method has been applied to the assay of 
these drugs in tablets, injection solutions, syrups 
and elixirs. 

Experimental 

2.1. Apparatus 

Jasco model UVIDEC-610 and Elico model 
CL-27 spectrophotometers with 1 cm matched 
quartz cells were used for all absorbance 
measurements. 

0039-9140/96~$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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Table 1 
Recovery of phenothiazines from v,arious excipients by the proposed method 

Phenothiazine Amount 
present 

Excipient (mg) Recovery” 
(%I) 

RSD 
(0%) 

(mg) Talc Dextrose Starch Sodium 
alginate 

Stearic 
acid 

Gelatin 

PMH 
IPH 
TPH 
PCPM 
TPPM 
FPH 
TFPH 

120 300 300 300 100 100 50 98.8 1.30 
100 200 200 300 150 50 50 97.6 I .40 
80 400 300 250 I50 80 75 96.8 1.44 
60 350 400 300 I20 60 80 97.9 1.60 

120 350 400 250 80 100 60 98.6 I.10 
130 400 300 350 130 110 90 99.5 1.80 
100 300 350 250 120 60 80 98.2 0.98 

I’ .4verage recovery from six experiments. 

2.2. Reagents 

All chemicals were of analytical-reagent grade. 
1% iodic acid was prepared in distilled water. 

2.3. Standard solutions of phenothiazines 

Aqueous solutions of promethazine hydrochlo- 
ride (PMH; Rhone-Poulenc Ltd., India), isoth- 
ipendyl hydrochloride (IPH; German Remedies 
Ltd., India), thioproperazine mesylate (TPPM: 
Rhone-Poulenc), trifluoperazine hydrochloride 
(TFPH; SKF Ltd.: India), fluphenazine dihy- 
drochloride (FPH; Sarabhai Chemicals, India), 
trifluopromazine hydrochloride (TPH; Sarabhai 
Chemicals) and prochlorperazine maleate (PCPM; 
Rhone-Poulenc) were prepared by dissolving the 
requisite amount of the samples in distilled water. 
Insoluble PCPM was dissolved by the addition of 
a few drops of dilute hydrochloric acid. Working 
solutions were prepared as required by dilution. 

IPH and TPPM, and 1 M for FPH and TFPH 
with orthophosphoric acid and to 1 M for TPH 
and PCPM with sulphuric acid. 2 ml of 1% iodic 
acid was added to each flask, the contents were 
diluted to the mark with distilled water and mixed 
well. The absorbance was measured at 515 nm for 
PMH, at 510 nm for IPH and TPPM, at 500 nm 
for TPH, FPH and TFPH and at 525 nm for 
PCPM against the corresponding reagent blank. 
A calibration graph was drawn or regression 
equation calculated. 

2.5. Anah3.k of s~xthetic r~ixtures containing 
pheno thiaiines 

2.4. Standurd procedure jbr the determination 
of’ pheno thiazines 

An aliquot of the sample solution containing 
12.55800 ,~g of PMH, 559OOpg of IPH, 7.5- 
8OOpg of TPH, 5lOOO~g of TPPM, lo- 
1OOOpg of FPH, 2.55625 pg of TFPH or 
lo-1250 pg of PCPM was transferred into a se- 
ries of 25 ml standard flasks. The acid concentra- 
tion was adjusted to 3 M for PMH, 1.5 M for 

Synthetic mixtures with the compositions given 
in Table 1 were prepared. A portion of the mix- 
ture containing about 25 mg of PMH, IPH, 
TPPM, TFPH, FPH. TPH and PCPM was accu- 
rately weighed. The phenothiazine was extracted 
from the mixture, filtered and washed with dis- 
tilled water. The filtrate and washings were then 
combined in a 100 ml calibrated flask and the 
volume was made up with distilled water. An 
aliquot of this solution was treated as described in 
Section 2.4, the drug content was evaluated and 
the results are presented in Table 1. 

2.6. Procedure jtir pharmaceuticul formulations 

A quantity of the sample (a mixture of 20 
powdered tablets) equivalent to 25 mg of the drug 
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Determination of phenothiazine drugs in commercial pharmaceutical preparations 

Sample Phenothiazine 
present 

Label Official 
claim methods 
(mg) [14.151 

Proposed Recovery” 
method (‘%a) 

Tablets 
Phenergan 
Siquil 
Stemetil 
Majeptil 
Espazine 

Injection solutions 
Phenergan 
Siquil 
Stemetil 
Anatensol 
Espazine 

Syrup 
Selvigon (I5 ml) 

Elixir 
Phenergan 

PMH 
TPH 
PCPM 
TPPM 
TFPH 

PMH 
TPH 
PCPM 
FPH 
TFPH 

IPH 

PMH 

25.00 
10.00 
5.00 
5.00 
1 .oo 
5.00 

25.00 
10.00 
12.50 
25.00 

I .oo 

4.50 

1.00 

,’ Average of six determinations 

was weighed accurately and transferred into a 100 
ml standard flask and the volume made up with 
distilled water and filtered. Appropriate aliquots 
of the drug solution were taken and the standard 
procedure was followed for the analysis of drug 
content. 

For the analysis of injection solution, syrup and 
elixir, the requisite volume was transferred to a 
100 ml calibrated flask and diluted to the mark 
with distilled water. The phenothiazine content in 
the diluted solution was determined as described 
above. The results of the analysis are given in 
Table 2. 

3. Results and discussion 

Phenothiazines undergo one-electron reversible 
oxidation in acid medium to form a red interme- 
diate which is believed to be a radical cation [17]. 
This was confirmed by the ion-exchange tech- 
nique. The red species was retained by cation-ex- 
change resin but not retained on an 
anion-exchange resin column. 

24.52 24.90 99.6 
9.98 9.98 99.8 
5.08 4.94 98.X 

4.96 99.2 
0.99 99.8 

5.02 4.95 99.0 

‘4.6U 25.10 100.4 
10.01 IO.10 101.0 
l2.5U 12.49 99.9 
25.52 24.85 99.0 

I .oo 1.00 100.2 

4.46 99.0 

0.98 98.0 

3.1. lijfkt of ucids 

The stability of the coloured species depends on 
the nature of the acid medium. The red species is 
unstable in hydrochloric acid medium, and does 
not give maximum colour intensity in acetic acid 
medium. The maximum colour development is 
obtained in the range 1.0-2.0. 3.0-5.0, 0.75-3.0, 
0.552.5 and 0.5-3.0 M orthophosphoric acid for 
IPH. PMH, TPPM, FPH and TFPH respectively. 
The maximum absorbance is obtained immedi- 
ately and remained constant for a period of 12, 
15. 14, 12 and 13 min for IPH, PMH, TPPM, 
FPH and TFPH respectively. The maximum 
colour intensity is obtained in the range 0.5-2.0 
and 0.5-2.5 M sulphuric acid for TPH and 
PCPM respectively. The maximum absorbance is 
obtained instantaneously and is stable for a pe- 
riod of 13 and 15 min for TPH and PCPM 
respectively. Attempts to increase the stability of 
the coloured species were not successful. The in- 
tensity and stability observed are in the order 
H,PO, > H2S0, ti HCl& CH,COOH for PMH, 
TPPM, FPH and TFPH; H,PO, > H,SO, > HCl 
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Optical characteristics and precision data 

Parameter PMH IPH TPH PCPM TPPM FPH TFPH 

Beer’s law limit (/rg ml -‘) 
Molar absorptivity 
( x IO’ 1 mall’ cm-‘) 
Sandell’s sensitivity 
(mg cm-’ per 0.001 abs. unit) 
Correlation coefficient (r) 
Regression equation ( Y)” 

Slope (h) 
Intercept (a) 

‘!L Relative standard 

0.5- 31 0.2-36 0.3-32 0.4- 50 0.2240 0.4-40 0.5-25 

5.13 3.7 3.9 4.7 5.7 6.16 6.6 

0.063 0.0875 0.099 0.1273 0.114 0.0835 0.072 

0.99 0.995 0.999 0.99 0.995 0.999 0.9999 
0.01295 0.00749 0.0093 0.00693 0.00894 0.00966 0.0105 
0.05803 0.0099 0.0116 -0.007 - 0.0021 0.02358 0.0177 

deviation 0.95 I.2 I.1 1.25 1.1 I.3 0.99 
- 

“ Y = u + h.\-. where .I- is the concentration in /~g ml ‘. 

for IPH; and H,SO, z H,PO, 9 HCl@ CH,- 
COOH for TPH and PCPM. The colour is 
not obtained in acetic acid medium for 
IPH. Hence, 1.5 M and 1.0 M H,PO, for 
IPH. TPPM and FPH, TFPH and PMH respec- 
tively, 1.0 M H,SO, concentrations for TPH 
and PCPM were maintained in subsequent 
studies. 

3.3. Eflect of’ diverse ions 

3.2. EfJrct qf iodic mid concentration 

The effect of the concentration of iodic acid 
was studied by measuring the absorbances at 
the specified wavelengths in the standard proce- 
dures for solutions containing a fixed concentra- 
tion of phenothiazine and varying amounts of 
iodic acid. The constant absorbance readings 
were obtained in the range 1.0-5.0, 0.555.0. 
1.0-7.0, 1.5-7.0, 1.0-5.0, 1.0-7.0 and 1.558.0 
ml of 1% iodic acid solution for PMH, IPH, 
TPH, PCPM, TPPM, FPH and TFPH respec- 
tively. A volume of 2 ml of 1% iodic acid in a 
total volume of 25 ml was used in all subse- 
quent work. 

The extent of interference by common anions 
and substances was determined by measuring the 
absorbance of a solution containing 20 ppm of 
phenothiazines and various amounts of diverse 
ions. An error of + 2.5% in the absorbance read- 
ings was considered tolerable. The substances 
tested and the tolerance limits found are presented 
in Table 4. The proposed method is free from 
interferences by various ions and concomitant 
substances. 

To test the accuracy of the method, recovery 
experiments were performed on synthetic mixtures 
prepared in the laboratory. The usual tablet dilu- 
ents and excipients were found not to interfere with 
the analysis by the proposed method (Table 1). 

The proposed method was successfully applied 
to the analysis of phenothiazine drugs in various 
pharmaceutical preparations. The contents of the 
phenothiazine drug were calculated using the for- 
mula 

The maximum colour intensity remained con- 
stant in the temperature range 3-35°C. The or- 
der of addition of reagents had no effect. Beer’s 
law range, molar absorptivity, slope, intercept 
and correlation coefficients obtained by linear 
least-squares treatment of the results are pre- 
sented in Table 3. 

mg phenothiazines = 
A,xDxC 

A, x 1000 

where A, and A, are the absorbances of the test 
and standard solutions respectively, D is the dilu- 
tion factor and C is the concentration of phenoth- 
iazines in pgml-‘. The samples were also 
determined by the regression equation method. 
The results of the assay of the tablets, injection 
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Effect of interfering ions and substances on the determination of 20 ppm of phenothiazines 

Ions added Tolerance limit’ (ppm) 

PMH IPH TPH PCPM TPPM FPH TFPH 

Fluoride 
Nitrate 
Chloride 
Bromide 
Sulphate 
Iodide 
Oxalate 
Citrate 
Phosphate 
Acetate 
Carbonate 
Tartrate 
Sulphite 
Dextrose 
Alginate 
Gum acacia 
Ascorbic acid 
Barbitone 

880 
IO 
88 
20 

45 
1300 
1600 
1440 
1360 
400 

40 
9000 

40 
100 

_\ i 
2300 

440 
6 

I8 

I 100 
c 

123; 
I’80 
800 
j76 
704 
‘00 

70 
I0000 

280 
40 
‘70 

1600 

~’ Amount causing an error of less than 7.5”:1. 

450 

50 

365 
6 

50 
300 
400 
750 
680 
700 
120 

8000 
370 
180 

16 
2000 

solutions and syrup presented in Table 2 compare 
favourably with the official methods of the British 
Pharmacopoeia and the United States Pharmaco- 
poeia [14416]. The proposed method. which is 
simple and rapid, offers the advantages of sensi- 
tivity and a wide range of determination without 
the need for extraction or heating. The assay 
method does not involve any critical reaction 
conditions or tedious sample preparation. The 
method is unaffected by slight variations in 
experimental conditions such as acidity. reagent 
concentration and temperature. The wide appli- 
cability of the new procedure for routine quality 
control is well established by the assay of 
the phenothiazines in pharmaceutical prepara- 
tions. 
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Abstract 

A new piezoelectric crystal impedance sensor for the determination of sulphur dioxide in aqueous solution is 
presented. It is realized using a series piezoelectric crystal device which is constructed by connecting an AT-cut 
piezoelectric crystal to a probe in series. The probe is filled with an internal electrolyte solution that is separated from 
sample solutions by a gas-permeable membrane. The present sensor exhibits a favourable frequency response to 
1 x 10-‘-l x 10-j M sulphur dioxide. The detection limit is 1 x lo-’ M. The effects of the sensor preparation are 
considered. Dynamic range, reproducibility, response time and selectivity of the sensor are also discussed. The 
proposed sensor has been used successfully for lamp sulphur determinations in petroleum samples. 

Keywords: Series piezoelectric crystal impedance device: Sulphur determination; Sulphur dioxide sensor 

1. Introduction 

By using selective absorbent coatings, piezoelec- 
tric crystal sensors have been developed into 
highly sensitive devices for the detection of traces 
of atmospheric pollutants [I]. For the detection of 
sulphur dioxide in air, several coated piezoelectric 
crystal sensors have been developed [2-41. How- 
ever, the coated piezoelectric crystal sensor cannot 
be used directly in the determination of sulphur 
dioxide in aqueous solution because it is very 
sensitive to interference from water vapour. 

* Corresponding author. 
’ On leave from: Hengyang Medical College, Hunan 421001, 

People’s Republic of China. 

In order to overcome the water vapour re- 
sponse of the coated piezoelectric crystal sensor, 
we report a new piezoelectric crystal impedance 
sensor for dissolved sulphur dioxide. In contrast 
to the coated piezoelectric crystal sensor based on 
the mass effect of a piezoelectric crystal, this 
sensor is based on the high sensitivity to solution 
conductivity of the series piezoelectric crystal 
device [5, 61. 

The series piezoelectric crystal, which is con- 
structed by connecting an AT-cut piezoelectric 
crystal and a conductive electrode in series, pos- 
sesses a high sensitivity to solution conductivity 
and a good frequency stability [.5, 61. The oscilla- 
tion frequency, F, is expressed as 

0039-9140/96/$15.00 C 1996 Elsevier Science B.V. All rights reserved 
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rrF,,C,,,(2rrF,C, - YG) 

47?FoCs(Co + C,) - 2nF,C, YG + G’ 

where F,, Cm, R, and C, are the resonance 
frequency, motional capacitance, motional resis- 
tance and static capacitance of the piezoelectric 
crystal respectively. G and C, are the conductance 
and capacitance of solution respectively. Y = 
tan(H), where 6’ is the oscillator phase angle. 

The sensitivity to conductivity, i.e. the slope of 
the plot of frequency F vs. conductivity x, can be 
calculated by differentiating eq. (1) with respect to 
x. The theoretical response sensitivity to conduc- 
tivity with various cell constants is illustrated in 
Fig. 1 for typical values. It can be seen that the 
series piezoelectric crystal device still has a highly 
sensitive response even in solutions of rather high 
conductivity. Compared with the direct conduc- 
tivity measurement method [7], the series 
piezoelectric crystal device can be used in samples 
which contain large amounts of unreacted foreign 
electrolytes. Hence, it can be used as a new type 
of practical sensor, just like the potentiometric pH 
sensor and fibre optical pH sensor, to develop gas 
sensors and enzyme sensors using additional 
membranes. 

Fig. I. Theoretical response sensitivity of the series piezoelec- 
tric crystal device to conductivity with various cell constants. 

probe 

water jacket 

Fig. 2. Schematic diagram of the experimental system. 

In this work. a novel impedance sensor for the 
determination of sulphur dioxide in aqueous solu- 
tion was developed using a series piezoelectric 
crystal device. Unlike a potentiometric sensor [8- 
lo]. the proposed sensor requires neither a refer- 
ence electrode nor a fragile internal glass pH 
electrode and thus it is simple to construct and 
easy to miniaturize. Compared with the sensor 
based on the conventional measurement of ionic 
conductivity with a mixed-bed ion exchanger used 
inside the sensing probe [ 111, the proposed sensor 
is very simple in design. Its high selectivity, utiliz- 
ing an additional gas-permeable membrane, 
makes it suitable to be used directly in analytical 
determination of species in natural media. The use 
of the proposed sensor for lamp sulphur determi- 
nation in petroleum samples was investigated. The 
accuracy of the sensor was also evaluated by 
comparing the results with those obtained by the 
conventional lamp sulphur determination method 

[121. 

2. Experimental 

2. I Appuru tus und rrugm Is 

The experimental apparatus was assembled as 
shown in Fig. 2. The IC-TTL oscillator was de- 
scribed previously [13]. The frequency output 
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from the oscillator was monitored by an Iwatsu 
Model SC7201 universal frequency counter and 
was recorded by a computer (Hewlett-Packard 
300) which was interfaced to the frequency coun- 
ter. The piezoelectric crystal was a 9 MHz AT-cut 
12.5 mm disk with a gold electrode (6 mm in 
diameter) on both sides. The temperature of the 
test cell was thermostated at 25 5 O.l”C with a 
water jacket and a temperature controller. Teflon 
membranes with an average pore size of 0.02 pm 
were purchased commercially from Jiangsu Elec- 
troanalytical Instrument Co. An impedance ana- 
lyzer (Hewlett-Packard 4192A) was used to 
measure the parameters of the sensor. 

The probe is shown schematically in Fig. 3. The 
dimensions of the probe were about 15 x 6 x 0.3 
mm”. Two finely ground platinum foils were used 
as electrodes. The thin layer between the electrodes 
was filled with an internal electrolyte solution ( z 5 
/1 I) which was separated from the sample solutions 
by two pieces of gas-permeable membrane 
mounted firmly on both sides of the probe. The cell 
constant of the probe was determined by measur- 
ing the conductance when the probe was filled with 
a standard KC1 solution whose conductivity is 
accurately known. 

The buffer solution used to acidify samples was 
made by adding 19 g Na,SO, to about 800 ml of 
water in a 1 1 volumetric flask, adding 5.3 ml of 
concentrated H,SO, and diluting to the mark. The 
pH of the buffer was about 1.2. All other reagents 
used were of analytical grade. Doubly-distilled 
deionized water was used for all solutions. 

I 

/’ ./ 
L 1 

L 

J 
5 

, 
,i 

, 
,i----- 6 

/ / 

Fig. 3. Schematic diagram of the probe: (I ). (6) gas-permeable 
membranes: (2) thin layer of internal electrolyte solution: (3) 
insulation substrate; (4.5) platinum electrodes. 

Sensor calibration was performed by immersing 
the probe in 3 ml of butfer solution and making an 
addition of NaHSO, standard solution. 

Petroleum samples were burnt by the lamp 
combustion method [ 121. The absorption solution 
contained 10.86 g HgCl?, 5.9 g KCl, 0.06 g Na, 
EDTA, 3.42 g NaH,PO, . H,O, 3.52 g Na?HPO,, 
and 20 ml glycerine per liter. Before acidifying the 
absorption solution, 0.5 g of sulfamic acid was 
added to destroy absorbed nitrogen oxides [9]. 
Then, the sulphur dioxide in the absorption solu- 
tion was measured with the proposed sensor. For 
comparison, the sulphur in the petroleum samples 
was also determined by the conventional lamp 
combustion-titrimetric method [12]. 

3. Results and discussion 

When the probe is in contact with a sample. 
gaseous sulphur dioxide diffuses across the gas-per- 
meable membrane until its partial pressure is equal 
on both sides. The sulphur dioxide that diffuses 
into the internal electrolyte solution will dissolve in 
water and come to equilibrium with bisulphite [lo]: 

SO, + H,O z$ HSO,- +?H- (2) 

For the general case, the effect of sulphite must 
also be considered. The pertinent equilibrium 
equations are: 

[SO,] = K,[H+][HSO, -1 (3) 

[HSO, ] = K, [H *][SO,’ ] (4) 

[H +][OH -I= Km (5) 

where log K,, = 1.9 and log K, = 6.8. 
With N as the NaHSO, concentration of the 

internal electrolyte solution. the electroneutrality 
condition leads to the following relationship: 

N+ [H’] = [HSO,-] + 2[SO,‘~-] + [OH-] (6) 

When the sample is acidified in an air-tight test cell: 
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0.0 0.2 0.4 0.6 0.8 1.0 

Sample concentra:lon/lW4M 

Fig. 4. Frequency response of the sensor: (-) simulated; 
(,?) experimental data; (~~ ~) regression results of experimen- 
tal data. Cell constant, 0.0120 m. Internal electrolyte solutions: 
5 x IO-” M NaHSO, + I’% glycerine. 

W&l = &JH +lsWO~ Is (7) 

[SO21 + [HSO, -1, = C (8) 

where C is the NaHSO, concentration of the 
sample solution. The subscript “s” denotes the 
sample solution phase. 

From eqs. (3)-(8), the concentrations of [H+], 
[HSO,-~1 and [SO,‘P] can be given as a function 
of C using a computer. The conductance, G, of 
the internal electrolyte solution can be calculated 
as 

G= k(/&+[H+] + ,&mK,:‘[H+] + &,+A’ 

+2 mm3 WW-I + &,z- [SO:-11 (9) 

where k is the cell constant of the probe. The 
limiting molar ionic conductance, /i. used is (10 ’ 
rn’ S mol-‘): Ht. 350; OH-, 198; Na+. 50.1; 
HSO, - . 50.0; SO,’ , 159.8. 

From eqs. (1) and (9), the frequency response 
of the sensor as a function of sample concentra- 
tion C can be calculated. The plot of this function 
and the experimental data are shown in Fig. 4. 
The correlation between the simulated curve and 
the experimental results is quite good in low con- 
centration of sample. 

3.2. Choice of’ buffrr cornposition 

The influence of the NaHSO, concentration in 
the internal electrolyte solution on the sensitivity 
was investigated. The frequency responses of the 
sensor filled with various concentrations of 
NaHSO, solution are shown in Fig. 5. It is evi- 
dent that for the sensor filled with lower NaHSO, 
concentrations the sensitivity is higher for low 
sample concentrations. However, the sensor filled 
with high NaHSO, concentrations produces 
curves with a steady, continuous response for high 
sample concentrations. In the following experi- 
ments, the probe was filled with 5 x lop4 M 
NaHSO, solution. 

The influence of unreacted foreign electrolytes 
which exist in the internal electrolyte solution on 
the sensor sensitivity was also investigated. The 
sensitivity of the sensor with various concentra- 
tions of added foreign electrolyte, KCl, is shown 
in Fig. 6. When the KC1 concentration is less than 
1 x 10 --’ M, the influence of the unreacted foreign 
electrolytes on the sensitivity is slight. 

The osmotic effect is inherent in the design of 
the probes where a semi-permeable membrane 
separates two solutions, the sample and the inter- 
nal electrolyte film [S]. If the total concentrations 
of dissolved species on the two sides of the mem- 

-4.0 I 

0.0 0.2 0.4 0.6 0.8 1.0 

Sample concentratlon/lW M 

Fig. 5. EtTect of NaHSO, concentration in internal electrolyte 
solution on sensor sensitivity. Cell constant, 0.0120 m. 
NaHSO, concentrations (M): (I). 0: (2). I x 10d4; (3), 5 x 
10-j; (4), I X 10v3. 
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-3.0 

0.0 0.2 0.4 0.6 0.6 1.0 

Sample concentratlon/lQ-4M 

Fig. 6. Effect of foreign electrolyte concentration in internal 
electrolyte solution on sensor sensitivity. Cell constant, 0.0120 
m. KCI concentrations (M): (I), 0; (2), 1 x IO-‘; (3). 5 x IO-‘; 
(4). 1 x IO-! (5), 3 x 10-3. 

brane are different, then an osmotic pressure 
difference results and water vapour diffuses across 
the membrane until the water activity is the same 
on each side. Transfer of water across the mem- 
brane results in dilution or concentration of the 
internal electrolyte solution, which causes the sen- 
sor response to drift. In contrast to a potentiomet- 
ric sulphur dioxide sensor which responds to the 
concentration of H+ of the internal solution, this 
sensor responds to the amount of ionic species 
exiting the internal solution. The osmotic effect of 
the sensor can be neglected for short term mea- 
surements. However, for long term applications 
and in storage the osmotic effect must be consid- 
ered. To reduce the osmotic effect, some non-elec- 
trolyte can be added to the internal solution 
according to the concentrations of dissolved spe- 
cies of the sample solutions. In this work, the 
sensor is stored in a dilute solution of Na2S0,. 
Therefore, 1% glycerine is used in the internal 
electrolyte solution to reduce the osmotic effect 
and to inhibit the chain reaction mechanism by 
which free sulphur dioxide is oxidized [9]. 

3.3. Efect of cell constant 

The cell constant of the probe, k, is an impor- 
tant parameter for design of a series piezoelectric 

crystal impedance sensor. Various values of k 
result in quite different sensitivities to the solution 
conductivity (x), and alter the solution capaci- 
tance (C,) of the probe since G = kx and C, = 
ke+ C,, where E is the dielectric constant of the 
solution and C, is the parasitic capacitance be- 
tween the leading wires of the probe. As k in- 
creases, the sensitivity to conductivity increases; 
meanwhile, the solution capacitance also increases 
which reduces the sensitivity of the sensor’s fre- 
quency response to solution conductance. The 
frequency response sensitivity of the sensor is 
determined by these two opposing factors. As 
shown in Fig. 7, the sensitivity of the sensor 
reaches a maximum around k = 0.01 m and de- 
creases significantly when k is 0.0247 m. In this 
experiment, the cell constant of the probe iS 
0.0120 m. 

3.4. Response properties 

The sensor filled with 5 x 10PJ M NaHSO, + 
1% glycerine solution exhibits a favourable re- 
sponse to 1 x 10e7-1 x lop3 M sulphur dioxide, 
with a detection limit of 1 x lo-’ M. For 13 
calibration samples in the range 1 x lo-‘-1 x 
10-j M sulphur dioxide the regression equation is 
given by 

-3.0 7-p 

0.0 0.2 0.4 0.6 0.8 I .0 

Sample concentratlon/10-4Y 

Fig. 7. Effect of the cell constant on sensitivity. Internal 
electrolyte solutions: 5 x IO-” M NaHSO, + I’% glycerine; cell 
constants (m): (I). 0.0043; (2), 0.0094: (3). 0.0120; (4), 0.0154; 
(5). 0.0247. 
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Table I 
Interferences in the sensor detection of sulphur dioxide 

Interferent lnterferent 
concentration 

CM) 

Sulphur dioxide 
concentration (M) 

Added Found 

CH,COOH I X IO-5 I x 10-X 1.02 x IO-5 
5 x 10-T I X IO-’ 1.08 x IO-5 

HF I X IO-’ I X IO-’ 1.03 x 10 5 
5 x IO-’ I X 10-s 1.13 X lo- 5 

co, I X IOmJ Ix10 i 1.03x10 i 

AF= -720 175C”.6*3 (10) 

where C is the concentration of the sample. As 
shown in Fig. 4. the curve tends to slope down- 
wards at higher concentrations. 

The recovery of sulphur dioxide added to 2 x 
lo-’ M sulphur dioxide samples was 98.6 f 4.2% 
(11 = 5). 

The response time (to 95% of the steady state) 
of the sensor is ~3.5 min for sulphur dioxide 
concentration change from 1 x lo- 5 to 1 x 10 ’ 
M. 

To test the short time reproducibility of the 
sensor, the frequency response was measured 
when the sensor was exposed to repeated concen- 
tration step changes between 1 x 10 5 and 5 x 
lo-’ M for sulphur dioxide samples. For five 
concentration step changes, the standard devia- 
tions in frequency were 5.6 Hz and 8.3 Hz for 
1 x lo-’ and 5 x lop5 M sulphur dioxide, which 
correspond to standard deviations of sulphur 
dioxide concentration of 0.8% and 1.2% respec- 
tively. 

The sensor was used for 4 weeks without re- 
placing the internal electrolyte solution. There is 
no significant loss in sensitivity with the probe 
being kept in a dilute Na,SO, solution when not 
in use. 

3.5. 1ntelyerencrs 

The samples were prepared in strongly acidic 
solutions and so interference from ammonium 

and volatile amines can be ignored. Several poten- 
tial interferences were tested and the results are 
listed in Table 1. The probe used was filled with 
5 x 10PJ M NaHSO, + 1% glycerine as internal 
electrolyte solution. The interference from dis- 
solved carbon dioxide is negligible. 

3.6. Sample anafJ,sis 

The proposed sensor has been used to deter- 
mine sulphur in petroleum samples. For compari- 
son, the samples were also analyzed by the lamp 
combustion-titrimetric method [12]. The results 
are shown in Table 2. It can be seen that the 
results obtained from the proposed sensor agree 
well with those obtained by the titrimetric 
method. 

3.7. Comparison \vitll potentiometric sulphur 
dio.uide sensor 

As summarized in Table 3, the proposed sensor 
has advantages over conventional sulphur dioxide 
sensors in terms of high sensitivity and rapid 
response. In addition, the proposed sensor is sim- 
ple to construct and easy to miniaturize as it 
requires neither the reference electrode and fragile 
glass pH electrode which are used in the potentio- 
metric sulphur dioxide sensor nor the mixed-bed 
ion exchanger which is used in the conventional 
conductivity sensor. Compared with the coated 
piezoelectric crystal gas sensor, the proposed sen- 
sor can be applied to aqueous samples directly. 
The advantages of this sensor should make it an 
attractive alternative to the sensors currently in 
use. 

Table 2 
Determination of sulphur in petroleum samples 

Sample Sulphur (wt.%)” 

Proposed sensor Titrimetric method 

I 0.038 & 0.0019 0.039 f 0.0015 
2 0.059 * 0.0021 0.062 + 0.0023 
3 0.033 * 0.0020 0.032 f 0.0017 

” Mean f standard deviation (n = 3). 
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1303 

Comparison with potentiometric sulphur dioxide sensor 

Sensor Response range Response time” 
(M) (S) 

Reference 
electrode 

Ref. 

Proposed sensor 1 x 1o-7-l x IO-’ 210 
Potentiometric sensor 5 x IO-h-1 x IO 2 335 425 

” Sulphur dioxide concentration changes from I x IO-’ to I x 10 -A M. 
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Abstract 

The extraction behaviour of thorium(lV) from aqueous nitric acid employing 3-phenyl-4-benzoyl-5-isoxazolone 
(HPBI) in the presence of tri-n-octyl phosphine oxide (TOPO) as well as tri-rl-butyl phosphate (TBP) in xylene 
medium was investigated. The extraction constant (log/i,,) for the binary organic phase species Th(PBI), was 
determined to be 8.26 which is by far the largest amongst the corresponding values known for other p-diketones. The 
overall extraction constant (log K) for the ternary species Th(PBI),,TBP and Th(PBI),.?TOPO were estimated to be 
14.96 and 20.96 respectively. An inverse correlation of the adduct formation constant (log K,) with the pK, of the 
/?-diketones, 2-thenoyltrifluoroacetone. I-phenyl-3-methyl-4-benzoyl-5-pyrazolone and HPBI, was observed. The 
steric as well as the electronic effects of adduct formation have been discussed. Analytical application of HPBI for the 
separation of 24Th radiotracer from natural uranium (99.3% 23xU) has been suggested. 

Ke~~~rls: Extraction; HPBI; Thorium(IV) 

1. Introduction 

The extraction behaviour of metal ions using 
p-diketones has been studied extensively [l]. This 
class of ligands is fascinating because of their 
unique property of extracting metal ions over a 
wide range of acidities with the proper choice of 
substituents. Employing dioxouranium(VI) as a 
typical metal ion. it has been shown by Batzar et 

* Corresponding author. Fax: (f91) Z-556-0750:0534. 
’ Present address: Department of Chemistry. Utkal Univer- 

sity. Vani-Vihar, Bhubaneshwar 751004, India. 

al. [2] that the lower the p& value of the P-dike- 
tone, the higher is the two-phase equilibrium con- 
stant of the binary extraction system as well as 
that of the ternary (synergistic) extraction system. 
Actinide ions, due to their large coordination 
number, invariably form coordinatively unsatu- 
rated /I-diketonates which partition as hydrates 
towards the organic phase. The substitution of the 
inner-sphere water molecules by a neutral donor 
leads to higher distribution ratio values due to the 
enhanced organophilicity of the ternary complex. 

In view of its modest pK, value, favourable 
partition coefficient towards the organic phase 

0039-9140196 $15.00 c 1996 ElseLier Science B.V. All rights reserved 
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and easy commercial availability. 2-thenoyltri- 
fluoroacetone (HTTA: Fig. 1, I) is the most exten- 
sively used b-diketone for analytical applications. 
However, it has a few limitations such as slow 
kinetics, poor loading characteristics. photo-sensi- 
tive decomposition. hydrolysis under conditions 
of high pH ( > 7.0) and above all its inability to 
extract metal ions from strong acidic and com- 
plexing media. Pyrazolones and isoxazolones, 
however, have been found to be particularly effec- 
tive analytical extractants for actinide ions from 
strong acidic as well as complexing media [3,4] 
encountered at different stages of the nuclear fuel 
cycle. The much lower pK, values of these ligands 
arise due to the participation of the heterocyclic 
ring in electron delocalization, imparting addi- 
tional resonance stabilization. Some recent re- 
ports explain the better extractability of these 
ligands based on the O-O distance [5]. 

We have been investigating the extraction be- 
haviour of actinide ions such as UO?‘+, PuJ * , 
Np’+. Am?+ etc. with pyrazolones and isoxa- 
zolones [6- lo]. It was observed that whereas neu- 
tral donors such as tri-n-butyl phosphate (TBP) 
and tri-n-octyl phosphine oxide (TOPO) signih- 
cantly enhance the extraction of bivalent uranyl 
ion and trivalent americium ion by the chelating 
extractants, such enhancement was marginal for 
tetravalent plutonium. This was attributed to the 
relatively small ionic radius of Pu’+ which ofLeers 
large steric hindrance to the coordination of the 
neutral 0x0 donor when it is surrounded by four 
/,‘-diketone moieties. It is envisaged that the larger 
size of Th” would help in reducing the steric 
hindrance offered to the incoming organophilic 
0x0 donor. thereby increasing the extractability of 
the metal ion significantly. TBP and TOP0 have 
widely differing basicities and are well known 
extractants employed in the nuclear industry. 3- 
Phenyl-4-benzoyl-5-isoxazolone (HPBI; Fig. I. 
III) is known to have a much lower pK, value 
than either HTTA or I-phenyl-3-methyl-4-ben- 
zoyl-5-pyrazolone (HPMBP; Fig. 1, II). Therefore 
it was of interest to investigate the extraction 
behaviour of Th(IV) using HPBI as the chelating 
extractant and TOP0 and TBP as the auxiliary 
ligands. Xylene was employed as the organic dilu- 
ent. An attempt has also been made to compare 

the extraction constant data obtained in the 
present work with those for similar systems in- 
volving either I or II reported in the literature. 

2. Experimental 

HPBI was prepared by the method reported in 
the literature [l l] and recrystallized from benzene 
-hexane medium. The purity was checked by 
elemental analysis: %C = 72.50 (72.45); %H = 
4.00 (4.15); and ‘%N = 5.60 (5.28); m.p. = 146°C. 
The stock solution (2.00 x 10 ~’ M) was prepared 
by weighing the desired quantity of HPBI in 
xylene and was pre-equilibrated for 24 h using 1 
M HCIO,. A stock solution of The+ (1.0 x 10 ~’ 
M) was prepared in 1 M nitric acid using the 
metal nitrate (Th(N0,),.6H,O) and was diluted 
to the desired concentration for the extraction 
studies. 

Arsenazo III solution was prepared by dissolv- 
ing 25 mg of the reagent procured from Merck 

I 2 - thenavltrlfluoroocetone (HTTA 1 

C6H5 - N\c /W--C - C6H5 

II 0 

II I- phenyl-J-methyl-4-benzo~l-5-pyrc1zolone 

(HPMBP: 

,c6H5 

1-i: R o\c/cH - c -ccgH5 II 
III 3- phenyl- 4- benzoyl-5-is,,xazolone (HPBI) 

Fig. I. Structures of /{-diketones. 
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Conditions employed for the distribution experiments to determine the stoichiometries and extraction constants of binary and 
ternary systems 

Variable parameter Range of variation (M) 

Binary extraction system Th(lV)-HPBI 
[HPBI] 2.25x 10-‘-7.50x lo-’ 

WNO,I 2.85~ 10-‘-9.50x 10-l 

Other parameters 

[H + ] = 0.5M 
[HPBI] = 5.00 x IO-’ M 
Ionic strength = I .O M” 

Ternary extraction system Th(IV)kHPBI -S 
[HPBIlh 1.ooxlo-‘~l.8oxIo~~ 

1.20x IO-‘-3.60~ IO-’ 
[TOPOlb 7.50 x lo- “-2.00 x lo- 7 
[TBPlb 2.50x 10-4~1.25x lo-’ 

[TOPO] = 2.50 x IO m4M 
[TBP] = 1 .OO x IO ’ M 
[HPBI] = 1.00x lO-‘M 
[HPBI] = I .50 x IO ‘M 

d Ionic strength adjustment was done by the addition of suitable quantities of NaNO, 
’ [HNO,] = I .OO M 

(Germany) in 25 ml of distilled water. Analar concentration of Th in the organic phase to that 

grade TBP from BDH, proanalysi grade TOP0 in the aqueous phase. The experiments were car- 

and extra pure grade xylene from E. Merck were ried out in duplicate and the precision was found 

used as received. to be within k 5%. 

2.2. Procedure 2.2.2. Estimation of’ Th 

2.2.1. Distribution studies 
The aqueous phase (usually 1 ml) containing 

Th(IV) at the desired concentration of HNO, was 
equilibrated with the required organic phase (1 
ml) containing the extractant. The equilibration 
was usually carried out for 1 h in a thermostated 
water bath at 2.5 I 0.1 “C. Subsequently the equili- 
bration tubes were centrifuged, phases were sepa- 
rated and aliquots from the aqueous phase 
(200-500 ,~tl) were assayed by spectrophotometry 
using a Beckmann DU-7 single beam spectropho- 
tometer. 

Thorium was assayed spectrophotometrically 
using Arsenazo III which forms a stable chelate 
compound with the former [12]. Fig. 2 shows the 
visible spectra of Arsenazo III and its complex 
with Th(IV). To arrive at the optimum HNO, 

1 

0.4. 

The equilibrium concentration of Th( IV) in the 
organic phase was determined by the difference 
between the initial and final Th concentrations in 
the aqueous phase. Occasionally the organic 
phase containing thorium was stripped by 10 M 
HNO, and the metal concentration was estim- 
ated by the above method. Excellent agreement 
( + 2%) was observed between the Th concentra- 
tions determined by these two methods. Details of 
the experimental conditions employed for the 
present studies are listed in Table 1. The distribu- 
tion ratio D was defined as the ratio of the 

Wavelength trim I 

Fig. 2. Visible spectra of (a) 2.8 x IOW’M Arsenazo III: (b) 
3.7 x IO-“M Th(IV) in 2.8 x 10-‘M Arsenazo 111. 



concentration for absorbance measurements. ex- 
periments were carried out in the acidity range 
2.447.2 M. It was observed that the sensitivity of 
the measurement increases with acidity up to 4.8 
M, remains constant in the range 4.8-6.5 M and 
decreases thereafter at higher acidity. All the mea- 
surements in the present studies were therfore 
carried out with 6 M HNO,. Th(IV)-Arsenazo 
III complex was developed in 10 ml of solution 
containing 1 ml of 0.1% Arsenazo III solution and 
varying concentrations of thorium followed by the 
addition of 5 ml of 12 M HNO, and 1 ml of 
sulfamic acid (1 M). The absorbance of the solu- 
tion against a suitable blank was measured at 660 
nm. Beer’s law was obeyed in the Th4+ concen- 
tration range 1.1 x 10 ’ M-6.5 x 10 ’ M. The 
molar extinction coefficient was determined to be 
1.0 x 10” M-’ cm- ‘. 

3. Calculations 

The extraction of Th(IV) by a P-diketone (HA) 
is represented by 

Th’+ + 4HA ,o) = ThA,,,, + 4H + (1) 

The subscript “0” refers to the species in the 
organic phase and those species without a sub- 
script are in the aqueous phase. Charges of the 
species are omitted henceforth for the sake of 
simplicity. Applying the law of mass action, the 
extraction equilibrium constant (k,,) can be ex- 
pressed as 

(2) 

Neglecting the complexation by the isoxazolonate 
anion (A ~ ) in the aqueous phase [13]. the distri- 
bution ratio for the binary extraction system 
Th(IV)-HA from nitric acid medium is given as 

D,, = [ThA,I,> 
(3) 

[Thl i 1 + ~B,W,I’I 
where fi, are the complex formation constants of 
Thj+ with nitrate ion in the aqueous phase 
(log p, = 0.1; log b? = 0.8) [14]. For the calcula- 
tion of k,,, the corrections for the aqueous com- 

plexation of nitrate ion have been incorporated. 
On rearrangement Eq. (2) becomes: 

log k,, = log D,, + 4 log[H] - 4 log[HA], 

+ log( I + X) (4) 

where X= X b,[NO,]‘. For a synergistic extraction 
system employing a neutral donor S the extraction 
equilibrium may be represented as 

Th + 4HA,,, + nS(,, $ ThA&,, + 4H (5) 

The overall extraction constant (K) is given as 

K = [Th&SJo[W4 
[Thl Wl:[X 

(6) 

The distribution ratio for the synergistic extrac- 
tion system (D) is given by 

[ThA,],, + [ThA,S], + [ThA,S,], + . 

+ [Th&&lo 
D= 

[Th]{l +X1 

(7) 

From Eqs. (2). (6) and (7): 

K = (D - DoNW”( 1 + A’) 
WI:[X 

Taking the logarithm: 

(8) 

log K = log( D - D,) - 4 log[HA], - n log[S], 

+ 4 log[H]+log[l + x] (9) 

In the case where S = TOPO. K is referred to as 
K’ for n = 1 and as K” for II = 2. Determination of 
K’ and K” was done graphically by following the 
method reported earlier [7]. The organic phase 
adduct formation reaction is represented as 

ThA,,,, + Go, - ?Z ThA,S,,,,, (10) 

where KS, the organic phase adduct formation 
constant, is given as 

(11) 

From Eqs. (2) (6) and (11): 

KS = K/k,, 

or 

(12) 
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Table 2 
Parameters of the equations for the best fit linear regression lines 

Variable 

WV 
W’l 
VW 
[TOPO] 

WI 
lpn’l 

Fixed parameter 

lH+l 
VU 
[PBI]. [H ‘1 
[PBI]. [H + ] 
[TBP]. [Hi] 
[TOPO]. [H ‘1 

Slope 

3.89 & 0.08 
- 3.78 f 0.04 

0.97 * 0.02 
1.‘9+0.10 
4.05 *O.lO 
3.81 iO.15 

Intercept 

9.37 f0.18 
~ 1.55 * 0.02 

3.49 & 0.07 
6.31 * 0.41 

IO.41 i 0.27 
I I .74 * 0.43 

0.999 
0.999 
0.999 
0.991 
0.999 
0.997 

log K, = log K - log k,, (13) 

The interaction of TOP0 with HNO, was con- 
sidered to compute the concentration of the free 
ligand at equilibrium. It was unnecessary to fol- 
low this step in the case of TBP due to its lower 
basicity. Equilibrium constants for the acid up- 
take by TOP0 are expressed as 

H + NO, + ~0~0 2~~0, TOPO (14) 

Total TOPO, [TOPO],. present in a distribution 
experiment is distributed as 

[TOPO], = 2 x [Th(N0,);2TOPO 

where 
TOP0 
where 
range 
varies 
TOP0 

+ [Th(PBI),.TOPO] 

+ 2[Th(PBI),.2TOPO] 

+ [HNO,.TOPO] + [TOPO], (15) 

[TOPO], is the free concentration of 
at equilibrium. In the present experiments 
the thorium concentration varies in the 
2.0 x 10 ‘-2.8 x lo-’ M and [TOPO], 
in the range 2.5 x 10p4-2.0x lop3 M. 
bound to Th(IV) was found to be negligi- 

ble ( < 3%). However, TOP0 bound with HNO, 
as HNO,.TOPO is a large proportion of 
[TOPO],: 

[TOPO], = p (16) 
H 

where KH for TOP0 is 8.9 [lo]. [TOPO], was 
employed throughout for the equilibrium con- 
stant data calculations as well as for the determi- 
nation of the stoichiometry of the extracted 
species. 

4. Results and discussion 

4.1. Extraction of T/I(W) by HPBI ulone 

The variation of log D with log[HPBI] is linear 
with a slope of 3.89 k 0.08 (Table 2) indicating 
that four moieties of the j?-diketone are associ- 
ated with the extracted species. The dependence of 
log D on log(hydrogen ion activity) is found to be 
- 3.78 i: 0.04 (Table 2) thereby suggesting the 
validity of Eq. (4). These observations are consis- 
tent with the organic phase species Th(PBI),. Tab- 
le 3 gives the extraction constant values obtained 
graphically as well as algebraically after incorpo- 
rating nitrate complexation correction factors. 
The difference in the log k,, values obtained by 
the two methods is due to the small variations in 
the observed slopes as compared to the expected 
values (Table 2), although it is within the statisti- 
cal variation limit (95% confidence level). It is 
fascinating to note that the extraction constant 
for the Th(IV)-HPBI system is much larger than 
those for the Th(IV)-HPMBP [15] and Th(IV)- 
HTTA systems [16]. The log k,, value obtained in 
the present work is larger than that reported by 
Jyothi and Rao [13], probably due to the use of 
diluents of different polarities in the two studies. 
The log k,, values increase in the order Th(IV) < 
Np(IV) c Pu(IV) which follows their ionic poten- 
tials [6.8,9]. 

4.2. Svnergistic extraction studies 

Synergistic extraction of Th(IV) by HPBI and 
neutral donors has been carried out from 1 M 
HNO,. Table 2 indicates the linear nature of the 
plots of log@ - D,) vs. log[HPBI] at a fixed 
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Table 3 

P. Thakur et al. Tdantu 43 (1996) 1305%1312 

Extraction constants of Th(IV) in binary and ternary systems 

Extraction constant (binary/ternary) Variable Graphical method Algebraic method Mean 

log kc, HPBI 7.95 t 0.18 8.22 0.04 F 
8.26 i 0.04 

H+ 8.37 i 0.01 8.29 0.04 f 
log K (TBP) HPBI 15.06 i 0.77 14.88 f 0.04 

14.96 * 0.04 
TBP 14.93 & 0.07 15.03 0.02 * 

log K’ (TOPO) TOP0 16.82 f 0.28 
log K” (TOPO) TOP0 20.96 + 0.47 

concentration of nitric acid as well as neutral 0x0 
donor. Slope values of 3.81 f0.15 ([TOPO] = 
2.5 x 10pJ M) and 4.05 f0.10 ([TBP]= 1.0x lop3 
M) indicate that four HPBI moieties are attached 
to the ternary complexed species. The plots of 
lo&D ~ D,) vs. log[S] at fixed concentrations of 
HPBI and HNO, suggest that only one unit 
(slope = 0.97 & 0.02) of the neutral donor is 
present in the ternary extracted complex of TBP. 
In the case of TOPO, apart from binary Th(PBI), 
species, Th(PBI),.TOPO and Th(PBI),.2TOPO 
appeared to coexist (slope = 1.29 If- 0.10). A 
graphical method was therefore employed for 
computing the adduct formation constants [7]. 
Table 3 summarizes the extraction constant data 
obtained by graphical as well as algebraical meth- 
ods after incorporating aqueous nitrate complexa- 
tion correction. 

It is clear from the data summarized in Table 4 
that the equilibrium constant values for the for- 
mation of the adduct increase with increasing 
basicity. The log KS values clearly show that 
TOP0 is a more effective synergist than TBP. This 
observation is in line with our earlier report for 
trivalent, tetravalent and hexavalent metal ions 
[7,8,10]. 

Adduct formation constant data (Table 4) could 
be explained on the basis that the jY-diketone with 
lower pK,, has less tendency to orient its electron 
cloud towards the ketonic oxygen atoms. This 
leads to a residual positive charge over the metal 
ion which is responsible for the greater interaction 
with the incoming neutral donor. Data in Table 4 
suggest that the steric factors do not disturb the 
trend expected from the electronic effects. 

The /J-diketonate chelate is hydrated partially 
in the inner coordination sphere and more exten- 
sively in the outer coordination sphere [17]. The 
stronger M ~ L bond suggests greater polarizability 
of the donor electron cloud over the “0” atom, 
resulting in more extensive outer-sphere hydration 
(through H-bonding) and hence less partitioning 
towards the organic phase [18]. In the case of 
symmetrical complexes a greater number of water 
molecules can be accommodated in the secondary 
coordination shell, leading to lower distribution 
ratio values. In contrast, for sterically hindered 
complexes the number of water molecules associ- 
ated in the secondary coordination shell is re- 
stricted due to the staggered geometry of the 
complex thereby rendering greater organophilic- 
ity. 

It is interesting to note that the extracted species 
in the present work do not contain any nitrate ion 
as earlier reported by Irving and Edgington [16] 
for the HTTA extraction system. This is indicated 
by the slope analysis of plots of log D vs. both 
log[PBI] and log[H ‘1. It may be due to the better 
availability of the isoxazoloante anion (pK, = 
1.12) for complex formation, even at moderately 
high nitric acid concentrations, which eventually 
forms more organophilic ternary extractable spe- 
cies such as Th(PBI),,S. 

4.3. Nutwe qf’the metal ion 

We have reported earlier the extraction con- 
stants of Pu(IV) with HPMBP as well as HPBI 
[19]. It was observed that in spite of the signifi- 
cantly lower pK, value of HPBI as compared to 
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Comparison of the extraction constants of the Th(IV)-HPBI and Th(lV)-HTTA systems 

p-Diketone 1% x-e, 1% f& UW log K, (TOPO) Ref. 

HPBI 8.26 & 0.04 6.70 k 0.04 8.56 + 0.28” Present work 
4.14 f 0.55” 

HT-I-A 2.25 4.63 7.50 16 

a In the case of TOPO, two adduct formation constants for Th(PBI),,TOPO and Th(PBI),.ZTOPO respectively are reported 

HPMBP, the k,, value decreases slightly for the 
former (Fig. 3). This was attributed to the 
prominent role of steric factors in the case of 
HPBI (0-O distance 2.9 A). Fig. 3 also shows 
the extraction constant data of Th(IV) with the 
three p-diketones which follow a linear inverse 
relation with the pK, values of the ligands. This 
is similar to the trend reported earlier for the 
UO,(VI)-/?-diketone system [lo]. In spite of the 
presence of four bulky PBI moieties around the 
Th(IV) ion, steric factors do not influence the 
trend expected on the basis of electronic effects. 
This is in sharp contrast to the behaviour of a 
similar extraction system involving Pu(IV), which 
can be explained on the basis of the larger size 
of Th(IV) (ionic radius = 1.05 A) compared to 
Pu(IV) (0.96 A) [20]. 

In the Pu(IV) synergistic systems involving 
TOP0 as the 0x0 donor, species of the type 
Pu(PBI),X.TOPO as well as Pu(PBI),X.2TOPO 
are co-extracted (where X = NO,). It is interest- 
ing to note that in the present work with Th(IV), 
species of the type Th(PBI),.TOPO and 
Th(PBI),.2TOPO were predominant, indicating 
that there is no steric hindrance to the adduct 
formation. The adduct formation constant of 
Th(PBI), with TOP0 is larger by two orders of 
magnitude compared to the corresponding value 
for Pu(PBI), [8,21]. 

4.4. Analytical signiJcance 

234Th, the daughter product of naturally occur- 
ing ‘W, can be obtained from the latter when 
the two nuclides are in secular equilibrium. It is 
desirable to develop efficient methods for the 
chemical separation of trace concentrations of 
Th from kilogram quantities of U which enable 
the use of 234Th as a radioactive tracer. The 
existing methods are based on the preferential 
extraction or adsorption of U(V1) as UO,Clz- 
using quarternary amines as liquid anion ex- 
changers and Dowex 1X4 as the anion exchange 
resin material. In view of the presence of a large 
excess of U these methods have limitations for 
the recovery and purification of Th. 

A: PBI 

5: PMBP 

c: T T A  

2 3 4 5 6 7 

pKo - 

Fig. 3. Dependence of log k,, on pK, of p-diketones: (a), 
Pu(lV); (o), Th(lV). 

It is desirable to develop alternative methods 
based on the preferential transfer of trace con- 
centrations of Th(IV) towards the organic phase 
leaving the bulk U in the raffinate. Due to the 
large difference in the extraction constants of 
HPBI with Th(IV) (log k,, = 8.3) and UOJVI) 
(log k,, = 1.4) this reagent offers promise for the 
recovery and purification of ‘34Th from bulk 
‘38U. Preliminary experiments carried out in our 



I312 P. Thkur ef al. Tulunru 43 (19961 t-W5 131.2 

laboratory on depleted U solution using HPBI 
gave satisfactory results as revealed by x-spec- 
trometry (WJ was used as a labelling tracer) 
and y-spectrometry (;I peaks of 23’Th at 63 and 
93 keV). Brief details of the analytical proce- 
dure are as follows. 

30% Aliquat 336 in chloroform was saturated 
with uranium by contacting with a 8 M HCl 
solution of UO,. The organic phase was stored 
for about 3 months to allow ‘j4Th (t,,, = 24.1 
days) activity to grow and attain secular equi- 
librium with 13xU (t, z = 4.47 x lo9 years). ‘j4Th 
thus produced was transferred to the aqueous 
phase by contacting the uranium-loaded organic 
phase with 8 M HCl. Th(IV) at the picomolar 
concentration level is associated with a millimo- 
lar concentration of uranium at this stage. The 
aqueous medium was subsequently changed to 
0.5 M HNO,. 0.01 M HPBI in xylene was 
used for the preferential extraction of Th(IV) 
followed by two cycles of scrubbing with 0.5 
M HNO,. A separation factor (&,/Dt,) of ap- 
proximately 2000 was achieved at every step. 
Th from the uranium-free organic phase was 
stripped by 8 M HNO, and the aqueous phase 

was freed from any dissolved ligand by con- 
tacting it twice with xylene. 

5. Conclusions 

Formation of adducts of the stoichiometry 
Th(PBI),.S and Th(PBI),.2S suggests the possi- 
bility of coordination numbers of nine and ten 
for Th4+ in these complexes. Adduct formation 
constants are noticeably larger (by about two 
log units) for the thorium (IV) ternary com- 
plexes as compared to the corresponding values 
for Pu(IV) complexes, conforming to the re- 
duced role of steric factors in the case of Th4+ 

Extraction constants of Th-HPBI are larger 
by about six log units and those of Th(IV) ~ 
HPBILTBP by about eight log units than the 
corresponding values with HTTA. Conse- 
quently. thorium can be recovered from 
stronger acidic and complexing solutions. HPBI 
has been found to be a promising extractant 

for the separation of ‘3’Th from natural ura- 
nium. 
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Abstract 

The coupling of sequential injection with inductively-coupled plasma mass spectrometry as an analytical tool for 
trace element detection is described. The technique is applied for determining the concentrations of lead, nickel and 
vanadium at part per billion levels in sample solutions of Saudi arabian crude oils, A microemulsion crude oil 
sampling procedure and a standard addition method using oil-soluble organ0 metallic salts of trace elements were 
used. A reference oil sample (NBS 1634b) was analyzed to obtain the accuracy and precision of the method. Results 
showed percentage recovery values of 98.2%. 95.7% and 10l.W1 and standard deviations of 2.9X, IS’% and 2.0% for 
lead, nickel and vanadium respectively. The method is sensitive, requires only small sample volumes and is quick. 

K~Jww&: Crude oil; Lead; Nickel; SIAICP-MS; Vanadium 

1. Introduction 

The determination of trace elements in 
petroleum is important in the oil industry because 
it provides information to the geologist about 
crude oil origins, migration and types. The deter- 
mination of vanadium and nickel have been made 
for geological surveys. These elements are the 
source of environmental pollution, catalytic poi- 
soning in the petroleum cracking process and 
corrosion of equipment, especially in the refinery. 
Crude oil containing lead as an organometallic 
compound is a very important source of pollu- 
tants especially if it is not replaced during the 
refining process of unleaded gasoline by methyl- 
tert-butylether (MTBE) [ 11. 

Inductively-coupled plasma mass spectrometry 
(ICP-MS) exhibits high sensitivity and accuracy, 
with high sample throughput. ICP-MS also allows 
simultaneous multielement determination with 
rapid and easy operation for determination of 
trace metals in petroleum samples [Z&4]. 

The direct dilution of petroleum-based materi- 
als with an organic solvent is an attractive sample 
preparation procedure because it is rapid and 
simple. The problems of carbon build-up on the 
mass spectrometer interface and excessive deterio- 
ration of the metal interface cones, which are 
associated with the direct analysis of organic solu- 
tions by ICP-MS, have been the major difficulties. 
The direct method of analysis causes instrumental 
errors and possible loss of volatile elements by 

0039-9140,‘96 515.00 C’ 1996 Elsevier Saence B.V. All rights reserved 
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Table I 
FIA lab software method entries for Ahtea MIS-l sequential injection system 

i.d. Time 

(s) 

Duration 

(s) 
Pump I Pump 2 Valve I Valve 2 

1 0.0 5 100 
2 5.0 2 -100 
3 7.0 4 100 
4 11.0 1 - 100 
5 12.0 5 100 

ICP-MS [5-71. An acidified microemulsion tech- 
nique simplifies the sample preparation procedure 
and the determination of trace metals in 
petroleum by ICP-MS [8,9]. 

A simple reduction of the organ0 matrix is 
accomplished by minimizing the use of organic 
solvents in the sample stream. The coupling [lo] 
of flow injection (FI) to ICP-MS is an attractive 
approach for the analysis of solutions of high salt 
content. Advantages of the FI method over the 
conventional solution introduction method have 
been discussed in previous papers [l 1- 141. Se- 
quential injection analysis (SIA) is based on a 
different approach, using a selector valve by 
which sample zone and reagent zones are sequen- 
tially injected into a channel [ 151. while in conven- 
tional FI the sample zone is injected into a 
flowing carrier stream and auxiliary reagents are 
merged with it on the way to the detector [16]. 
The benefits of the SIA technique include mini- 
mization of reagent consumption and waste dis- 
posal because flow is not continuous during the 
sequencing and measurement steps, and the han- 
dling of corrosive liquids in a closed system. The 
SIA technique requires only a single pump and a 
single valve in a single line system, and is capable 
of accommodating diverse reagents and sample 
concentrations by reconfiguration of the zone se- 
quencing from a computer keyboard [ 17,181. 

A previously investigated technique used an 
optimized acidified microemulsion as a sample 
pretreatment for the determination of trace ele- 
ments in crude oil by ICP-MS [19]. We couple 
SIA with ICP-MS (SIA/ICP-MS) to optimize the 
accuracy and precision and increase the sensitivity 
of the analysis. 

Home 0 on 
I 0 on 

IU 0 on 
2 0 on 

Home 0 on 

2. Experimental 

2. I. Appurutus 

A MIS-l modular injection system (Alitea, 
USA) configured for SIA with a multiposition 
selection valve, reactor modules and a peristaltic 
pump was used as the sample introduction sys- 
tem. Teflon tubings used for the MIS were 30 cm 
of 0.8 mm i.d. for carrier solution, 15 cm for 
pump, 160 cm of 0.8 mm i.d. for holding coil, 5 
cm of 0.5 mm id. connected to port 2 of sample, 
10 cm of 0.8 mm id. for auxiliary waste (port 10) 
and 45 cm of 0.8 mm i.d. connected from port 1 
directly to the concentric nebulizer into the ICP- 
MS system (all tubings were supplied by 
Upchurch Scientific, Inc.). The MIS is operated 
by Alitea’s FIA lab software and an IBM-com- 
patible PC and the operating instructions in the 
MIS manual are followed for SIA [20]. Table 1 
includes FIA lab software method entries used for 
Alitea MIS-l SIA. Flow rates are 60 ~1 s- ‘. In 
step 1, 300 ~1 of carrier is pumped through the 
detector. Then 120 ~1 of sample is aspirated into 
the holding coil and then to waste, to wash the 
sampling tube with sample. Finally, 60 ~1 of 
sample is aspirated into the holding coil and is 
then propelled to the detector in step 5. 

An Elan inductively-coupled plasma mass spec- 
trometer model 250 with a standard addition pro- 
gram (Sciex) is used with a 15 BCO 12B computer 
(Matrix Electronic System Ltd.) and a plotter 
(Houston). A schematic diagram of the MIS-l 
coupled to the ICP-MS instrument is given in Fig. 
1 and the ICP-MS operating conditions are listed 
in Table 2. An Edmund Buhler vortex mixer 
model 25 was used for crude oil sample agitation. 



A.W. Table 3 
General properties of Saudi Arabian crude oil samples 

Test 

Gravity. PIPI. 
RJD. EM. 

,------ ----- -, 

qg 

LCP 

“F 
C residue 
(wt.“<>) 

s (\W’~u) 
Vlscosit) at 

i ,-J--+“adr”pote Ml 

pI-+ 

SpCCtrmwtrr 

Data Acquisition 
Handling 

100°F. SUS h ASTM-D445 II8 71 49 
Aah content ASTM-D487 9ti 55 34 

(mg I ‘I 

” American Society for Testmg Material. 
’ Suspended level type. 

Fig. I. Schematic diagram of (A) SI system coupled with (B) 
ICP-MS. C. carrier; P. pump; H.C.. holding coil: A.W. auull- 
iary waste (port IO): S. sample (port 7): M.P.V.. multiposition 
valve: R.T.D., R.T.D. A.D.A.-1100 interface card: F.I.A.. 
Alitea FIB lab software: P.C., IBM-compatible PC. 

Deionized distilled water was obtained by a 
Corning Mega-pure water distillation apparatus 
model MP3. 

2.2. Rragrrm 

Chemicals used were of analytical-reagent- 
grade and include lead and nickel cyclohexane 
butyrate, bis[l-phenyl butanedionato-( 1,3)] 0x0 
vanadium (IV) (Eastman Organic Chemicals, 
Rochester. NY), indium oxide (Spex Industries, 
Inc., NJ) and analar nitric acid (sp.gr. 1.42. 69- 
71’%, BDH Chemicals Ltd., Poole, UK). Tetralin 
( 1.2,3,4 tetrahydronaphthalene. Fluka AG. Bucks, 
Switzerland) as a co-solvent and a nonionic sur- 
factant Triton X- 100 (BDH) as emulsifying agent 
were chosen. 

Solutions of 40’;d1 (vsv) nitric acid were prepared 
by dilution of concentrated nitric acid. Stock solu- 
tions (100 ppm) of nickel, lead and vanadium 
were prepared by dissolving the weighed 
organometallic salts in 40% (vv) nitric acid solu- 
tion. Multi-element standard solutions of lead (2.5 
ppm), nickel (25 ppm) and vanadium (50 ppm) 
were prepared by dilution from the stock solu- 
tions. A stock solution of indium oxide (100 ppm) 
was prepared by dissolving its weighed oxide in 
I’% (v’v) nitric acid solution. 

Table 1 
Elan ICP-MS instrumental parameters 

RF incident power I.2 kW Resolution Low 
Plasma gas flow 13 I min ’ Threshold I 
Auxiliary gas flonj I .4 I min ’ Counting 

precision 0.1 
Nebulizer gas 40 PSI Measurement 

pressure time 0.05 5 
Measurement per 5 Sample How 60 it I 4 ’ 

peak 
Repeats per 5 

integration 

Saudi Arabian heavy, medium and light crude 
oil samples supplied by Aramco (Saudi Arabia) 
were analyzed for lead. nickel and vanadium con- 
tent. Some general properties of these samples are 
shown in Table 3. Standard Reference Material 
NBS1 634b (Residual Fuel Oil. National Institute 
of Standards) was tested to determine the accu- 
racy and precision of the method. 

Into three different stoppered glass bottles (200 
ml), a 0.50 g aliquot of NBS oil sample was 
weighed. Portions of I .5 ml of tetralin as a co-sol- 
vent. 0.5 ml of Triton X-100 as emulsifying agent, 
5 ml of 40% (v,v) nitric acid solution and 0.5 ml 

Method H M L 

ASTM-Dl28Y” 28.03 30.4 33.7 
.4STM-Dl8Y 6.75 5.87 3.58 

ASTM-Dl2Y 2.79 2.5Y 1.81 
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Fig. 2. Typical peaks for (a) lead, (b) nickel and (c) vanadium in microemulsion solution of standard oil sample (NBS 1634b) using 
the SIA/ICP-MS technique. 
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concentration of Pb in oil 
sample solution (ppb) 

added concentration of Pb (ppb) 

-250 0 ’ 25 0 500 
concentration of Nickel 
in oil sample solution 

addedconcentration of Ni (ppb) 

(Ppb) 
(cl 

-500 0 
concentration of V In oil 
sample solution (ppb) 

added 5&centmtion of :‘cpb) 

Fig. 3. Standard addition graphs obtained for (a) lead, (b) nickel and (c) vanadium in (acidified) microemulsion solution of oil 
samples using the SIA/ICP-MS technique (H, M, and L denote heavy, medium and light crude oil samples respectively and R 
denotes reference oil sample). 

of 100 ppm indium solution were then added to 
each bottle. The multi-element standard solution 
(containing 2.5 pug gg’ Ni and 50 ,ug g-i V) was 
used for spiking bottle Nos. 1, 2 and 3 with 0, 0.5 
and 1 ml respectively. The bottles were then me- 
chanically agitated with gradual addition of 

deionized distilled water until 50 ml of homoge- 
neous solution was obtained. A blank was pre- 
pared in a similar manner. These solutions were 
measured at 60 ,~l s- ’ flow rates for Pb, Ni, and 
V contents using the proposed SIA/ICP-MS tech- 
nique with the test and maintenance multiple ele- 
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Table 4 
Recovery data for NBS 3634b sample by the SIAICP-MS 

method 

Element Concentration (,~g g ‘) z SD as “t;, recovery 

SIA’ICP-MS Certified [21.22] ‘::I Recovery 

Pb 2.75 * 0.08 2.80 f (n.c.1’ 98.2 

Ni 26.8 i 0.4 28 *2 95.7 

V 56il 55 + I 101.4 

rl n.c. = not certified. 

ments programs (Sciex). Replicates of the sample 
were analyzed to obtain the accuracy and preci- 
sion of the method. The procedure was applied 
similarly for the determination of Pb. Ni and V in 
the different crude oil samples. 

3. Results and discussion 

SIA/ICP-MS will reduce the organic matrix by 
minimizing the use of organic solvents in the 
sample stream. The previous optimized acidified 
microemulsion procedure was chosen for crude oil 
sampling [ 191. The sequential injection system eas- 
ily introduces the sample by connecting the Teflon 
tube out of the multi-position valve directly to the 
concentric nebulizer of the ICP-MS instrument, as 
shown in Fig. 1. Plasma extinguishing problems 

Table 5 
Concentration t{lg g ‘) and statistical data for Pb. NI and V 
in crude oil samples by the SIA:ICP-MS method 

Element Crude oil Concentration Correlation 
sample &SD coefficient 

Pb H 
M 
L 

Ni H 
M 
L 

V H 
M 
L 

0.81 i 0.02 
0.44 * 0.01 
0.30 * 0.01 

9.4 & 0.2 
6.9 * 0.1 

3. I3 + 0.05 

13.8 * 0.3 
8.8 i 0.2 

I I .3 * 0.7 

0.995 

0.997 

0.998 

0.994 

0.996 

0.997 

0.995 

0.996 

0.997 

due to carbon build-up on the torch walls were 
solved by using an acidified microemulsion as the 
sample pretreatment technique. 

The peaks of different solutions are plotted for 
Pb. Ni and V concentrations. Typical peaks of 
Standard Reference samples (NBS) solution ob- 
tained for Pb, Ni and V are shown in Fig. 2. Peak 
heights in centimeters for the sample only and for 
the sample with added concentrations of elements 
are constructed as standard addition graphs. 
These standard addition graphs of Pb, Ni and V 
for heavy, medium, light and NBS oil samples 
appear in Fig. 3. The NBS sample is analyzed 
three times for Pb, Ni and V concentrations and 
compared to standard values [21,22]. Recovery 
values calculated are 98.2% for Pb, 96”% for Ni 
and 101.5% for V. Recovery data for NBS 16346 
oil samples are listed in Table 4. 

Calculations for different sample contents re- 
sulted in concentration ranges of 0.30-0.81 /lg 
gg’ for Pb, 3.13-9.4 pg gg’ for Ni and 8.8-13.8 
pg gg ’ for V in the different analyzed Saudi oil 
samples. Each sample is analyzed 3- 5 times to 
obtain the standard deviation values which are 
found to be less than 4% for all the analyzed 
elements. Table 5 includes concentrations, stan- 
dard deviations and correlation coefficients for 
Pb, Ni and V in crude oil samples and a compari- 

Table 6 
Concentration &SD (pg g-‘) of Pb, Ni and V in Saudi 
Arabian crude oil samples obtained by proposed and other 
published methods 

Element Crude Acidified Continuous 
oil samples microemulsion aqueous 

SIAKP-MS microemulsion 
ICP-MS [3,9] 

Pb 

Ni 

V 

H 0.81 * 0.02 0.780 f 0.2 

M 0.44 * 0.01 0.130 f 0.003 

L 0.30 * 0.01 0. I7 f 0.02 

H 9.4 f 0.2 8.3 & 0.1 
M 6.9 k0.l 5.5 * 0.2 
L 3.13 & 0.05 2.09 kO.05 

H 13.8 & 0.3 25.5 * 0.8 
M 8.8 * 0.2 14.5 * 0.4 
L 11.3+0.2 13.4 * 0.4 
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son made between the results obtained by the 
proposed method and other published methods is 
shown in Table 6 for the same sample. 

It is found that concentrations of Pb and 
Ni obtained by the proposed SIA/ICP-MS 
method are higher than those found with 
the continuous ICP-MS method. Vanadium 
concentrations are lower with the SIA/ICP- 
MS method. This may be due to its high back- 
ground signal (as shown in Fig. 2), especially in 
crude oil samples where solution concentrations 
are low. 

4. Conclusions 

The interfacing of sequential injection and in- 
ductively-coupled plasma mass spectrometry pro- 
vides a new automated technique for trace 
elements analysis which is easy to handle. requires 
only small sample volumes and is sensitive. The 
results are reproducible and this technique can be 
used for the determination of other trace elements 
in crude oil samples. 
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Abstract 

The electrodeposition of copper on a graphite electrode at a constant potential with subsequent atomization in the 
graphite atomizer HGA-400 has been studied. A special graphite disk electrode is suitable for electrochemical 
enrichment at E = - 0.7 V vs. SCE and the determination of copper by electrothermal-atomic absorption spectrome- 
try (ET-AAS) if atomized at 2300°C. In this way copper was determined in potable water and free CL?+ could be 
distinguished from that bound in chelate speciations after using a suitable deposition potential of the working 
electrode. This approach seems to be an alternative to the commonly used anodic stripping voltammetry (ASV) for 
the preconcentration and determination of free metal ions. 

Keywrd.s: Copper; Electrodeposition; ET-AAS; Potable water; Speciation 

1. Introduction 

Previous separation and preconcentration tech- 
niques are frequently used in connection with 
AAS as a means of removing interferences and 
increasing sensitivity. The electrochemical deposi- 
tion of minor concentrations of metals on suitable 
electrodes is one of the methods used prior to 
determination by electrothermal AAS. Wires from 
refractory metals especially tungsten [l-3], 
graphite [4,5] or a hanging mercury-drop [6,7] 
were suitable for electrodeposition. The atomiza- 

* Corresponding author. 

tion resulted from electrically heated tungsten 
wire being placed in the tube [ 1,2] or after shifting 
into a CRA-90 graphite atomizer [3]. Common 
graphite electrodes were pulverized prior to sam- 
pling in the graphite tube [4] or the electrode was 
part of the atomizer [8]. An electrode disk, prop- 
erly cut and covered by the metal deposit was also 
inserted into the atomizer [9] or the electrode in a 
suitable form which was tightly led into the atom- 
izer [5]. Recently a special graphite disk electrode 
was developed as a probe to be inserted into the 
atomizer without touching the wall of the tube. 
The electrodeposition of the metal took place on 
the disk, which was situated on a thin stem [lo]. 

0039-9140/96!‘Sl5.00 ‘c 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01886-3 



Although metals can also be conveniently ana- 
lyzed by anodic stripping voltammetry (ASV) 
[11,12], there are a number of elements, notably 
cobalt, nickel, manganese and chromium for 
which the deposition is irreversible. In the pres- 
ence of other metals, intermetallic compounds 
may be formed and their redissolution by ASV is 
difficult [l 11. Moreover, a broadened stripping 
peak or two peaks may be observed, the first one 
due to the voltammetric oxidation of metal, and 
the second one due to the adsorption in the 
presence of species in environmental samples [ 131. 
ET-AAS may serve as a selective element detector 
of electrochemically deposited metals on the elec- 
trode and the electrothermal atomization simply 
replaces the ASV stripping step. 

In this paper the electrodeposition of copper 
under a controlled potential was studied as a 
model on a graphite disk electrode in connection 
with the subsequent determination by ET-AAS 
and in the presence of complexing agents. 

2. Experimental 

2.1. Clwwical.~ 

Cu” standard solution containing 0.993 g 1 ’ 
CL?+ was prepared by dissolving metallic copper 
(99.96%) in 10 ml of concentrated HNO, and 
diluting to 1:l with bidistilled water. The solution 
was standardized by EDTA titration on murexide 
indicator. 

Ethylenediaminetetraacetic acid disodium salt 
(EDTA) p.a.. nitrilotriacetic acid (NTA) p.a. and 
dinitrilocyclohexylentetraacetic acid (DCTA) p.a. 
were obtained from Lachema Brno and N-(2- 
hydroxyethyl)ethylenediamine N’,N,N”’ triacetic 
acid trisodium salt hydrate (HEDTA) p.a. was 
obtained from Fluka-Chemika. 

All other chemicals were of analytical grade 
purity. 

2.2. Instrutuents 

An AA spectrometer (Perkin-Elmer 3030) with 
a graphite atomizer HGA400, a copper hollow 
cathode lamp lntensitron heated for 20 mA (324.8 

nm) and a mercury electrodeless discharge lamp 
operated at 5 W (253.7 nm) were used. The atom- 
ization followed in argon. 

A Radelkis OH 405 potentiostate for the metal 
deposition and an analogous precision poten- 
tiometer OP-205 for deposition potential adjust- 
ment on the developed disk graphite electrode 
were used. The potential was measured against a 
SCE. platinum served as the counter electrode, 
and electrodeposition followed during vigorous 
stirring of the solution containing the metal ion 
(50 ml). The electrolysis was carried out in the 
system with a single or four working electrodes. 
The single electrode was inserted into the graphite 
rod (5 mm diameter with the hole 3 mm in 
diameter). The contact to the potentiostate was 
connected to the upper part of the rod. In the 
four-electrode arrangement the four graphite disk 
electrodes were inserted into holes of 3 mm di- 
ameter in a graphite cube of size 30 x 30 x 10 mm 
located in a quadrangle position. The connection 
to the potentiostate was led from the upper part 
of the cube. The platinum electrode was isolated 
in the middle and the electrolysis took place on 
the four electrodes simultaneously. The arrange- 
ment with the four electrodes was used for practi- 
cal application. 

The graphite disk electrode was prepared from 
graphite rods (3 mm diameter, SU Elektrokarbon 
Topolcany and RW III Ringsdorffwerke Bonn) 
and the final disk was turned to 0.6 mm thickness, 
ground by a fine emery paper and polished by a 
dense filter paper. The resulting thickness of the 
disk was 0.5 mm (Fig. 1). 

The prepared electrode was double ignited in a 
graphite tube at 2300°C for 6 s in argon; the stem 
of the electrode was protected by a tightly wound 
Teflon strip ( 10 x 40 mm) and the electrode was 
fixed up into the graphite contact of the elec- 
trolyzer. After the electrodeposition the electrode 
was rinsed with bidistilled water, the Teflon strip 
was removed and the electrode was rinsed with 
water and inserted by the use of an applicator 
into the enlarged sampling hole in the atomizer 
tube (3.5 mm diameter) horizontally through the 
orifice in the contact. The insertion of the elec- 
trode into the atomizer was realized by a graphite 
applicator of diameter 5 mm and length 11 cm 



with an orifice of diameter 3 mm and depth of 10 
mm (Fig. 1). The graphite applicator with the 
electrode was then slid into a glass tube in a 
holder. The correct positioning of the disk elec- 
trode in the graphite tube was indicated by a 
non-selective absorbance of 0.004-0.008. 

The drying of the disk and stem of the electrode 
took 15 s at 160°C with a 5 s ramp, the pyrolysis 
stage took 15 s at 600°C with the same ramp and 
the atomization of copper took 5 s at 2300°C with 
no flow of argon and temperature-controlled 
maximal power heating. The cleaning of tubes 
followed at 2300°C for 3 s. 

A scanning electron microscope (Philips SEM 
500) was used for preparing photographs of the 
electrode surfaces. 

The sensitivity of the determination corre- 
sponds to the slope of the calibration plots and 
the relative standard deviation (RSD) is calcu- 
lated from six measurements. 

23. Detewination oj’ copper in potable wuter 

A 50 ml volume of the water sample, acidified 
with concentrated HNO, to pH 2, was elec- 
trolyzed for l-5 min at E = - 0.7 V (against 
SCE) and the copper was determined by ET-AAS 
under the conditions given above. The results 
were evaluated by the method of standard addi- 
tions (l-10 pg ll’ Cu’+). The RSD was 5.4- 
6.4% (n = 6) for 1,558 pg 1~ ’ Cu. The results 

A 0.5 

B 2 

3 

3 

Fig. I. Graphite disk electrode (A, data in mm) and its 
applicator for the atomizer HGA-400 (B). I. Electrode; 2, 
holder: 3. tube. 

were in good agreement with those observed by 
ASV. 

3. Results and discussion 

3.1. Conditions for electrodeposition 

According to experimental i=f(E) plots, the 
limiting current for copper was observed from 
E = - 0.15 V for solutions containing 5 mg l- ’ 
cu’ + in 0.01 mol l- ’ HNO,, 0.005 mol 1~ ’ 
HSO, or 0.01 mol l- ’ HCl. The results of the 
ET-AAS for the amount of copper deposited on 
the disk electrode from solutions with 10 pug 1-I 
Cu’+ during a 2 min period continuously in- 
creased for the interval of E = ( - 0.2 V)-( - 1.2 
V) with some delay at ( - 0.6 V)-( - 0.S V). A 
potential E = - 0.7 V vs. SCE was found to be 
optimal. 

3.2. Efect oj’ the electrode nluferiul 

cu.2 + was sorbed in part from the solution on 
the graphite electrode surface even in a currentless 
state in an open electric circuit and could not be 
removed by rinsing with water. Comparing elec- 
trodes from graphite SU and RW III, the interac- 
tion of Cu’- with the surface in diluted HNO, 
and HCl is considerably lower for graphite RW 
III and does not depend on the number of firings 
when less than ten. At pH 2 the sorption was 
independent of the acids used (HCl, HNO,, 
HISOJ). 

The dependence of the absorbance of the 
sorbed copper against the Cu’+ concentration in 
solution for various dipping times is shown in Fig. 
2. The sorption of Cu 2+ is not sufficiently repro- 
ducible and the RSD is often worse than 30%. 
The copper amounts deposited after an electroly- 
sis of 2 min is by the order larger than that which 
was spontaneously sorbed. Thus, this copper does 
not influence expressly the determination of cop- 
per, especially during longer electrolysis times. 

Burning of the electrodes from the periphery to 
the centre of the electrode disk was observed by 
the scanning microscope. Graphite RW III was 
more resistant to firing and was used for further 
measurements. 
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Fig. 2. Relationship between the absorbance of the sorbed 
copper against 01” concentration in solution for various 
dipping times (RW 111 graphite). Curve I. 10 s: curve 2, 2 mitt: 
curve 3. IO min (0.005 mol I - ’ H$O,). Each point of the plot 
corresponds to the average of I6 measurements. 

3.3. Selected conditions for ET atotnkution 

The pyrolysis plot showed a constant course 
until a temperature of 1200°C was reached. The 
pyrolysis temperature used for the measurements 
was 600°C. Since the graphite disk electrode con- 
tained largely metallic copper deposits, this pyrol- 
ysis step partially corresponds to the completion 
of drying. Temperatures higher than 2300°C 
caused faster burning-off of the disk which nega- 
tively influenced the precision of the determina- 
tion. The disk endured 10-l 1 firings without 
damage and the need for polishing. For larger 
numbers of firings the surface of the electrode 
increased and thus the amount of copper; conse- 
quently polishing with a dense filter paper is 
necessary after ten firings. After 40-50 firings 
polishing was unsuccessful and the RSD of the 
determination increases to more than 10% (for 
A = 0.2). High temperature gradients of heating 
led to a slight split of the absorbance signals (Fig. 
3). Uniform peaks were obtained for temperature 
gradients of 3 s but the precision decreased. Thus, 
atomization by temperature-controlled maximum 
power heating was only used. The reason for peak 
splitting during fast heating may be caused by 
expansion of the gases but also by the tempera- 
ture decrease at the increased sampling orifice. 
The sensitivity of the determination expressed 
with the slope of calibration plots A =f(Cu, pg 

I ~ ‘) was 0.012, 0.023, 0.048 and 0.072 (pug 1~ ‘) ~ ’ 
for electrodeposition times of 1, 2, 4 and 6 min, 
respectively. 

3.4. Co-deposition of copper kvith mercury 

Copper was deposited from solutions contain- 
ing Cu2+ in the presence of 2.5 x lop5 mol 1-l 
Hg’ + Selected working parameters on the HGA- 
400 were 110°C (drying), 800°C (pyrolysis) and 
2300°C (atomization) in this case. At 550°C two 
forms of mercury indicated by the absorbance 
minimum for mercury at 253.7 nm, i.e. free mer- 
cury atoms and the decomposition of the copper 
amalgam at this temperature. The signal for cop- 
per at 324.8 nm increases by 39% after the com- 
plete decomposition of the amalgam at 800°C in 
comparison to the results for copper without 
amalgamation. The RSD for copper was 2.2% in 
the presence of mercury. Reproducible signals 
were, however, obtained only during three firings 
on the disk electrode without polishing. The dis- 
advantage of such procedure is the toxicity of 
released mercury vapors. 

3.5. Eflkct oj’ucids und NuCl 

The electrodeposition of copper was studied 
from solutions containing HCl, HSO, or HNO, 
only and with a pH of l-2 (adjusted with H,SO, 
or HNO,) (Fig. 4). The decrease of signal with the 
decrease of acid concentration could arise from 

O’l3 

Fig. 3. Absorbance signals of copper after electrodeposition on 
the graphite disk electrode. peak I. I, = 0 s; peak 2. f, = 3 s 

(IO pg I ’ Cu’ +. 0.01 mol I ’ HNO,). 
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Fig. 4. Relationship between the copper absorbance on the 
logarithm of the acid concentration (in mol I ‘). Curve I. 
HCI; curve 2. HNO,: curve 3. H,SO, (10 /lg I ’ Cu’+. 
E= -0.7 VI. 

the lower conductivity of solution. An increased 
concentration of hydrochloric acid interferes due 
to the formation of chlorine at the counter elec- 
trode. 

If 10 j1g I ’ Ct.?+ solution was electrolyzed in 
0.005 mol I ’ H,SO, the amount of copper de- 
posited decreased if more than 0.1 g 1 ’ of NaCI 
was present. This decrease reaches 36% with 0.4 g 
1~ ’ NaCl. The effect of more than 0.1 g I ’ NaCl 
is however negligible if the counter electrode was 
protected from the electrolyte by a glass tube with 
an agar sintered disk. The electrode separation 
eliminates the effect of chlorine formed by the 
oxidation of chlorides on the counter electrode. 

For the determination of free Cu’+ in the 
presence of copper complexed in various stable 
chelates a suitable deposition potential must be 
selected. if free metal is deposited and no metal 
chelate decomposition takes place, or if the 
reagent is not reduced on the negatively charged 
electrode. As followed from studies of polariza- 
tion plots in the system, E = - 0.19 V against 
SCE was suitable in the presence of most of the 
studied chelating ligands. Thus, CuEDTA be- 
gins to decompose electrolytically at E = - 0.23 
V against SCE. 

The concentration of free Cu’ + in solution was 
evaluated from calibration plots prepared under 
the same conditions. pH, potential and electroly- 
sis time for Cu’+ solutions without ligand. The 
experimental results were compared with those 
calculated according to the modified SQUAD 
[ 14,151 program from the corresponding stability. 
protonation constants of the Cuchelates or lig- 
ands and the stability constants of particular Cu- 
hydroxocomplexes [16] (cf. Table 1). The 
differences between the determined and calculated 
concentration of free copper in the presence of 
chelons such as EDTA. NTA, HEDTA and 
DCTA were no larger than 25% Thus, such a 
way is suitable for the determination of free Cu’ + 
in the presence of metals bound in Cuchelates. 

Table I 
Concentration of free Cu’ - in solutions containing ligands under various conditions 

~__~ 

Reagent (‘L (total) (“L, (total) PH.’ L;,, (calculated) (‘Lu (determined”) A cj,;,c 

mol I-’ mol I ’ mol I- ’ mol I ’ 

NTA 1x10~ 1x10 3 6 I x IO (’ I.3 X 10mh +‘3 
2x lo-’ I x In i 4 9x10 i 7.2 x lo- 7 -25 

HEDTA 1x10 1 1x10 ’ 3 5x10 i 4.6 x IO-’ -7 
EDTA 1x10 ’ 1x10 ’ 4 5x10 ’ 66x10-’ +14 

2 x IO-’ I x 10ml 1 7rlO 7 X.6x lo-’ -1x 
DCTA 2x10 7 I X IO)‘ 2 3 x IV’ 3.0 * IO i 0 

d I = 0.1 mol I -’ (adjusted by NaNO,). 
’ determined by ET-AAS after preliminary electrodeposition. 
’ A “,Q;, corresponds to the percentage ditference between experimental and calculated values 
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Abstract 

The potential of variable angle synchronous spectroscopy (VASS) for fluorescent mixtures resolution was assessed 
and compared with the rank annihilation method (RAM). For this purpose, a set of excitation-emission matrices 
from three standard cyclodextrin fluorescence-enhanced solutions of the pesticides aminocarb, carbendazim and 
coumatetralyl and a mixture of them was obtained. Careful selection of the spectral routes to be scanned provides 
analyte signals that are free of interferences. Application of the rank annihilation method to excitation-emission 
matrices (EEMs) obtained by conventional scanning spectrothtorimetry gives quantitative results that show poor 
precision and accuracy when compared to those of VASS. The recoveries from ternary mixtures by VASS are within 
99%104% and by RAM within 844130%. 

Keywords: Cyclodextrin-enhanced fluorescence: Mixture analysis: Rank annihilation method: Variable angle fluores- 
cence spectrometry 

1. Introduction 

Although spectrofluorimetry has great sensitiv- 
ity and moderate selectivity as an analytical tech- 
nique, these performances in multicomponent 
analysis fall considerably because overlapping 
spectra give rise to energy-transfer processes and 
inner filter effects that produce spurious analyte 
signals. At present there are two fundamental 
ways to avoid this problem: modifications in ana- 
lytical sampling and signal processing by mathe- 

* Corresponding author. 

matical algorithms after the raw data are 
obtained. 

Simultaneous multicomponent analysis can be 
performed by mathematical treatment of the data 
such as realized by principal components regres- 
sion (PCR), partial least squares regression (PLS), 
rank annihilation method (RAM), etc. Alterna- 
tively it is possible to act over experimental data 
acquisition in such a way that the contribution to 
the analytical signal from interfering components 
can be eliminated. or at least minimized. Variable 
angle scanning spectrometry [l-3] gives a useful 
approach to data acquisition for the simultaneous 

0039-9140~96;$15.00 GZ 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01887-5 



analysis of fluorescent multicomponent samples 
because of the reduction of the interferences asso- 
ciated with the design of the technique. 

Mixture resolution by fluorescence spectrome- 
try performed by mathematical procedures nor- 
mally gives good results, when there are no 
strongly overlapped spectral profiles that would 
facilitate energy transfer processes between donor 
molecules (emission spectra) and acceptor 
molecules (excitation spectra). This effect pro- 
duces quenching of donor and enhancement of 
acceptor that changes the spectral profiles of the 
mixtures compared with those of the standard 
solutions. This aspect is not a problem in VASS in 
which the selected routes can circumvent spectral 
zones subject to these energy transfer processes. 
The results obtained in this paper can be inter- 
preted in this context. 

Three different types of synchronous scanning 
have been developed: constant wavelengths (CW), 
constant energy (CE) and variable angle (VA). CE 
and CW scans maintain a constant separation (in 
cm-’ and nm, respectively) between excitation 
and emission beams [4]. An alternative approach, 
denoted variable-angle synchronous scanning 
(VASS) varies the separation in a controlled way. 
The continuous variation of the wavelength sepa- 
ration between the monochromators can be 
achieved either mechanically, by varying the scan 
speeds of the two monochromators, or digitally. 
by processing the stored data. Because mechanical 
control of the monochromator’s speed only pro- 
duces linear scan paths [5] and the generation of 
VASS from stored data [6] is very time consum- 
ing, a commercial digital instrument has been 
modified [7] to generate the variable-angle syn- 
chronous scan directly from the spectrofluorime- 
ter output. This permits the VASS scan to be 
obtained in a few minutes by following a path 
previously selected by inspecting the contour 
lines. 

The reduced peak-half-widths is often cited as 
the most important attribute of synchronous tech- 
niques for the resolution in multicomponent anal- 
ysis. Recently, the theory of variable-angle 
synchronous spectrofluorimetry has been de- 
scribed in detail [8] and it has been deduced that 
the resolution in synchronous techniques is more 

related to the maximal peak intensity than with 
minimal peak width. Thus, the true advantage of 
VASS with respect to CWS is not the band nar- 
rowing effect but the capacity to go throughout 
maximal intensity peaks (circumvents overlapping 
spectral areas). This confirms the superior advan- 
tage of VASS in multicomponent analysis against 
CE, CW or derivative synchronous techniques 
due to the added flexibility in the choice of a scan 
path nearest to maxima. 

Synchronous scanning methods have potential 
for multicomponent analysis that has not been 
fully realized, particularly for the automatization 
of sampling data. We report the simultaneous 
analysis of the agrochemicals aminocarb, carben- 
dazim and coumatetralyl by VASS. The studied 
compounds display a low fluorescence quantum 
yield which is enhanced by using one of the 
almost universal features of cyclodextrin com- 
plexes such as fluorescence enhancement [9-l l] 
by the inclusion of an organic fluorophore in the 
cyclodextrin (CD) cavity. 

The technique of rank annihilation, described 
by Ho et al. [12] utilizes the excitation-emission 
matrix M, to determine quantitatively the concen- 
tration of a component in the presence of a 
mixture. The excitation-emission matrix of a 
standard solution of each analyte yields a series of 
standard reference matrices S,, S,, etc. Then, 
successive fractions p of S are subtracted from the 
mixture matrix M. When the fraction of S sub- 
tracted from M equals the amount of S originally 
present in M, the rank of the resulting difference 
matrix M - /?S is one less than the rank of M and 
the nth eigenvalue of the difference matrix goes to 
a minimum. The concentration of the analyte in 
the mixture is then given by /3 times the concen- 
tration of the analyte in the standard solution 
used to measure S. These operations are accom- 
plished by performing a singular value decompo- 
sition (SVD) of the difference matrix: 

c = svd(M - /!?*S, 

and adjusting the scalar fraction a until the nth 
singular value t:(n) is a minimum. 

In this paper we try to evaluate the perfor- 
mances of a technique based on the more precise 
acquisition of the signal from the sample (VASS) 
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so as to compare it with the results obtained by a 
chemometric technique (RAM) based on signal 
processing. The critical comparison of the results 
obtained by both methods is also an objective of 
this paper. 

2. Experimental 

Fluorescence spectra were obtained with a 
Perkin-Elmer LS-5 luminescence spectrophotome- 
ter equipped with a xenon lamp (9.9 W) pulsed at 
line frequency. The spectrometer was interfaced to 
an IBM-PC/AT computer via the RS232C serial 
interface. The software package FLUOROPACK 
[7] controlled the instrument, data acquisition and 
data processing. The software used for the data 
analysis was PC-MATLAB (MAt-Works Inc., 
Sherborn, MA, USA). 

The solvents used were pro analysis (Merck). 
Water was distilled and deionized. The pesticide 
carbendazim (99%) was purchased from Riedel-de 
Haen; aminocarb (99%) and coumatetralyl (96%) 
were supplied by Dr. Ehrenstorfer (Augsburg. 
Germany); P-cyclodextrin was kindly supplied by 
Amaizo, Co. (USA). 

The stock standard solutions of aminocarb, and 
coumatetralyl 1 g L- ’ and carbendazim 0.25 g 
L - ’ were prepared by dissolving the pesticide in 
methanol, and were stored in the dark at 4°C. 
Working solutions of coumatetralyl and carben- 
dazim were prepared weekly and that of 
aminocarb each two days, by dilution with 
methanol. /J-cyclodextrin was purified by recrys- 
tallization once from boiling water and lo-’ M 
aqueous solutions were prepared. A buffer solu- 
tion of pH 4.5 was prepared from 0.2 M acetic 
acid/sodium acetate. 

2.1. Sample preparation 

Aliquots of sample solution to give a final 
concentration between 1.5-4.0 pg mL-’ of 
aminocarb, 6.77300 ng mL- ’ of coumatetralyl 
and 2.3-5 /lg mL-’ of carbendazim were placed 
in a 10 mL standard flask. The contents were 
slowly evaporated to dryness by a nitrogen 
stream, and after adding 1 mL of pH 4.5 acetate 

buffer, the volume was adjusted to 10 mL with 
lo-’ M p-cyclodextrin solution. The solution 
was sonicated for 20 min and the variable angle 
scanning spectra (VASS) was scanned. Finally, 
fluorescence intensity was measured in the VASS 
plots at 2351390 nm, 3101380 nm and 290/335 nm, 
respectively, and plotted against the concentration 
of each pesticide. 

3. Results and discussion 

Separate experiments were conducted to study 
the behavior of aminocarb, carbendazim and cou- 
matetralyl in water and B-cyclodextrin solutions. 
In Table 1 the excitation and emission wave- 
lengths and relative fluorescence intensities (RFI) 
in these media are presented. An emission en- 
hancement in cyclodextrin media compared to 
water is observed. The weaker complexes produce 
faint emission signals. The formation constants of 
the /?-CD complexes ([aminocarb] = 2 pg mL- ‘, 
[coumatetralyl] = [carbendazim] = 1 lug mL ~ ‘). 
obtained by the Benessi-Hildebrand methods [13] 
were267Lmoll’,21 Lmoll’and669Lmoll’ 
for the ,8-CD-aminocarb. -carbendazim and ~ 
coumatetralyl complexes, respectively. The maxi- 
mum RF1 is achieved in 10 - * M solutions of 
B-CD, a slight modification in this concentration 
has little effect on fluorescence intensity. Ethanol 
has also a little effect on the fluorescence; low 
proportions of this solvent are admitted but ab- 
sence gives maximum sensitivity. A pH of 4.5 is 
adequate for sensitivity because it permits greater 
emission signals to be obtained. 

Table I 
Excitation and emission wavelength and relative fluorescence 
intensity (RF]) for aminocarb. carbendazim and coumatetralyl 
in water and D-CD. 

Compound i,,, (nm) iem lnm) RF1 

Aminocarb (water) 237 383 I85 
Aminocarb (/?-CD) 238 382 472 
Carbendazim (water) 281 307 I38 
Carbendazim (P-CD) 210 307 264 

279 199 
Coumatetralyl (water) 311 387 74 
Coumatetralyl (B-CD) 311 387 785 
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Fig. I. Contour plots of aminocarb (3 fig mL I). carbendazim (5 pg mL ‘), coumatetralyl (0.5 pg mL ‘). and a mixture of them 
(approximately isoemissive, same concentrations as standards) showing the selected VASS route. 

An EEM of the mixture (Fig. 1) was obtained 
and maxima of analytes were identified. The exci- 
tation and emission maxima pairs for B-CD com- 
plexes with aminocarb, coumatetralyl and 
carbendazim are 238-375 nm, 3155387 nm and 
2806307 nm, respectively. This type of mixture 
cannot be resolved either by conventional 
fluorimetry (there are no excitation-emission 
pairs for selective excitation) nor synchronous 
scanning fluorimetry because the almost complete 
overlap of the spectral shapes impedes the detec- 
tion of an interference-free signal. Moreover, us- 
ing VASS. we can find those regions with 
minimum overlap and reduced cross interference 
between analytes. 

The variable-angle scanning route was carefully 
determined by trial and error to traverse those 
parts of the three-dimensional (3-D) spectral 
zones with the least overlap. The scan was se- 
lected to transverse those parts of the 3-D data 
matrix with the least overlap and the nearest of 
the maximum peaks. In spite of the fact that 
losses in sensitivity occur because no maximum 
peaks are traversed. interference-free signals of 
the three components may be obtained from the 

chosen routes that scan the three-dimensional 
zones by skirting the slopes of the peak and 
avoiding the areas of interference between the 
three compounds. Fig. 2 shows a 3-D variable 
angle scanning spectrum for a ternary mixture. 

The superior advantage of VASS in multicom- 
ponent analysis against CE, CW or derivative 
synchronous technique is due to the added flexi- 
bility in the choice of a scan path nearest to 

RF.1. (mar,=72.9 
RF.,. (mbt,=“.O 

l-1 Elligion (+) 

Fig. 2. Three-dimensional VASS of a ternary mixture (concen- 
trations as in Fig. 1). 
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Fig. 3. Two-dimensional projection of several ternary mix- 
tures (A) [aminocarb] = 1 p(g mL ‘; [coumatetralyl] = 0.05 
pg mL-‘; [carbendazim]=O, 1.5, 3 and 5 pg mL-‘. (B) 
[coumatetralyl] = 0.05 pg mL ‘; [carbendazim] = 5 pg mL ‘: 
[aminocarb] =0, I > 1.5. 2.5. 3 and 5 pg mL-‘. (C) [carben- 
dazim] = 5 pg mL ‘: [aminocarb] = I P(B mL - ‘: [coumatetra- 
lyl]=O, 0.025. 0.05, 0.1, 0.2 and 0.3 pg mL--I. 

maxima. So, as expected the generation of VASS 
by following rigid routes, or by introducing a 
circular, elliptical or other function into the soft- 
ware routine, did not improve the method. The 
2-D profiles of the optimized routes were less 
pronounced when rigid geometric functions were 
introduced. 

Several 3-D variable angle spectra of a three- 
component mixture of the pesticides are shown in 
Fig. 3 to illustrate the potential utility of this 
technique for mixture analysis. The software pro- 
gram produces and displays the required data in 
4-5 min. The fact that both monochromators of 
the spectrofluorimeter cannot be set to difficult 

Table 2 
Analytical parameters 

Compound Linear dynamic Limit of detection RSD 
range (mg L-‘) (ng mL-‘) (‘%,) 

Aminocarb 0.2995.0 89 4.32 
Carbendazim 0.18-5.0 55 8.99 
Coumatetralyl 0.0660.3 17 4.78 

RSD. relative standard deviation. 

scan speeds does not matter because the program 
signals override and differentially vary the excita- 
tion and emission monochromator drive motors 
of the spectrofluorimeter by pulsing their power 
input. 

Once the VASS spectra were obtained, fluores- 
cence intensity readings at the maximum of VASS 
spectra and setting of the excitation and emission 
monochromators at the adequate wavelengths 
were performed. 

Linear calibration graphs were obtained by 
plotting the fluorescence intensity against stan- 
dard concentrations of aminocarb, carbendazim 
and coumatetralyl. Table 2 gives the linear dy- 
namic range, detection limits and precision of the 
method. The accuracy was evaluated through a 
interferences study; the effect of some pesticides 
(fenitrotion, chlorpiryfos, dicofol and tetradifon) 
on the determination of a synthetic sample of 
composition 2 pug mL ~ ’ aminocarb, 2 pg mL ~ ’ 
carbendazim and 0.12 pg mL ~ ’ coumatetralyl 
was evaluated. Various volumes of stock solutions 
of the different potential interferents were added 
to the standard solution in order to obtain differ- 
ent interferent-to-analyte ratios in the final solu- 
tion. The results obtained are given in Table 3. 
Acceptable recoveries of coumatetralyl are ob- 
tained. Recoveries are low and high for 

Table 3 
Recoveries in the ternary mixture by VASS 

Compound Taken Found Recovery RSD 
(mg LL’) (mg L-‘) (‘%I) (“/o) 

Aminocarb 2.0 1.99 99.5 4.56 
Carbendazim 2.0 2.067 103.8 8.25 
Coumatetralyl 0.1 I 0.115 106 3.09 
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P b P 

Fig. 4. First ( n ). second (0). and third (‘T ) singular values as 
a function of p. (A) Aminocarb. 3 mg L- ‘: (B) Carbendarim. 
5 mg L-‘; (C) Coumatetralyl. 0.3 mg L-‘. 

aminocarb and carbendazim, respectively, when 
the interferent is twice or higher than the analyte 
concentration. 

To apply the RAM method to the three-com- 
ponent mixture under study, we used four data 
sets, each composed of an EEM of the single 
standard component and a mixture of the three 
standards. The EEM were smoothed and blank- 
subtracted to remove scattered light. The resulting 
48 x 48 matrices were then analyzed. Although 
blank substraction does not totally eliminate high 
scattered light. the regions of analytical interest 
are situated far away from the scatter emission; 
thus, this event will not affect the estimated con- 
centrations of the analytes. 

Performing a singular value decomposition of 
the difference matrix (M - /j’s) and adjusting the 
scalar fraction p until the nth singular value O(H) 
is a minimum, we can obtain the optimum @ value 
that multiplied by the standard matrix S (or the 
concentration of standard equivalent) gives the 
concentration of each standard in the mixture. 

Fig. 4 shows the plot of the logarithm of the 
singular values (13) against the B parameter, show- 
ing the minimum value that gives the correct /i 
value. It must be stressed that adequate selection 
of the svd values is critical to obtain good results. 

The results of the rank annihilation method are 
summarized in Table 4. It can be observed from 
Table 3 that the recovery values are closest to 
100% in the case of VASS indicating that interfer- 
ences are avoided. while RAM suffers the interfer- 
ence of the other components in the mixture to a 
considerable extent. This result can be assigned to 
the incapacity of RAM, a method that uses all the 

spectral data to calculate the individual concen- 
trations in the mixture, to eliminate the interfer- 
ences arising from energy transfer or inner filter 
effects. 

Finally, it must be pointed out that chromato- 
graphic resolution of this type of mixtures with 
severe spectral overlap, may be better and faster 
provided that no degradation of the products, 
during the chromatographic elution occurs. More- 
over, in this case the use of cyclodextrin may be 
troublesome in the chromatographic elution. 

4. Conclusions 

Cyclodextrin-enhanced fluorescence determina- 
tion of the pesticides aminocarb, carbendazim and 
coumatetralyl was performed by VASS and 
RAM. Fluorescence spectral distribution show 
great overlap that precludes the direct determina- 
tion of this type of mixture. VAS shows better 
analytical performances than RAM due to the 
resolution of mixtures of overlapping fluorescence 
compounds. 
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Table 4 
Recoveries of three ternary mixtures by RAM 

Mixture Compound Taken Found Recovery 

(mg L ‘1 (mg L ‘) (“/;I) 

I Aminocarb 3 3.084 102.8 
Carbendazim 5 5.4 108 
Coumatetralyl 0.3 0.253 84.49 

2 Aminocarb 15 1.569 104 
Carbendazim 2.5 2.33 93.16 
Coumatetralyl 0.15 0.178 118.72 

3 Ammocarb I.5 I.908 127.2 
Carbendazim 2.5 2.55 I02 
Coumatetralyl 0.3 0.39 130 
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Abstract 

2-pyridinecarbaldehyde-5-nitro-pyridylhydrazone (2PC-SNPH) was synthesized and its application in the spec- 
trofluorimetric determination of Fe(III) ions in the presence of surfactants was examined. An emission peak of 
2PC-SNPH. which increased remarkably by the addition of Fe(II1). occurs at 420 nm upon excitation at 300 nm. and 
allows for the sensitive. selective determination of the ferric ion in the 0.20- 1.45 /lg ml ’ range. The detection limit 
is 0.028 ~cg ml ’ in the presence of hexadecyltrimethylammonium bromide (CTMAB). 

Kqwor~ts: Hexadecyltrimethylammonium bromide surfactant: Iron(I11): 2-Pryidinecarbaldehyde-5-nitro-pyridylhy- 
drazone; Spectrofluorimetric determination 

1. Introduction 

Because of the ever-increasing interest in the 
determination of trace elements in industrial, bio- 
logical and environmental materials at low con- 
centrations, there is a need for the development of 
more sensitive analytical methods. The spec- 
trophotometric method involving the use of or- 
ganic reagents is one of the inexpensive and 
reliable methods. 

Fluorescence complexes of iron have received a 
great deal of attention. Few spectrofluorimetric 
methods for the determination of iron have been 

* Corresponding author. Fax: (87) 87 872 320. 

reported and most of them are based on the 
fluorescence quenching of indicators, owing to the 
inherent strong paramagnetism of iron cation [l]. 
Mori et al. [2] recently proposed a sensitive and 
convenient fluorimetric procedure for the determi- 
nation of iron using o-hydroxyhydroquinoneph- 
thalein as the fluorgenic reagent in the presence of 
Brij-5X. 

Hydrazones. in particular. nitrogen-containing 
heterocyclic hydrazones have attracted much at- 
tention as analytical reagents. because of high 
sensitivity and selectivity, easy synthesis and good 
yield. Their applications have been reviewed by 
Katyal and Dutt [3] and later by Jain and Singh 

[41. 

0039-9140~96 $15.00 ,? 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)0188Y-9 
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In recent years, surfactants have become of 
great interest because they provide a reaction 
medium in which the sensitivity and selectivity of 
numerous reactions are improved. For example, 
the metal complexes formed in micellar media are 
generally more stable than those formed in the 
absence of micelles [5.6]. Most prior work has 
focussed on spectrophotometric determinations. 
but surfactants are now also being applied suc- 
cessfully in fluorimetry [7712], giving even higher 
sensitivity and lower detection limits. This first of 
such applications was the determination of alu- 
minium with lumogallion in the presecnce of the 
non-ionic surfactant polyethylene glycol monolau- 
ryl ether. Recently, Sanz Medel [13] and Garcia 
Alonso [ 14,151 and Hinze et al. [16], have re- 
viewed the topic of micellar media in fluorimetric 
analysis. 

In this work, a new hydrazone, in which a nitro 
group was introduced in the 5-position of the 
pyridine ring moiety of 2-pyridinecarbaldehyde- 
pyridylhydrazone (ZPC-SNPH), was synthesized 
and applied as a reagent for the determination of 
micro amounts of Fe(II1). In addition, a study of 
the effect of surfactants on the fluorescence phe- 
nomena of the Fe(III)-2PC-5NPH complex was 
conducted. 

The described, developed fluroscence method 
for ferric ion is sensitive, simple and very selective. 

2. Experimental 

2.1. Synthesis of 5-btro-2-pyrid~.lh~~druzine 

2PC-SNPH was synthesized according to 
Scheme 1 as follows: 1.58 g of 2-chloro-5-nitro- 

7 
Cl N&NY, EtOH N 

‘NH2 

Scheme 1. Synthesis of LPC-SNPH 

pyridine was dissolved in 100 ml ethanol (0.01 M) 
at room temperature. To this solution was added 
dropwise, a solution of hydrazine monohydrate 
(7.5 g) with stirring. The mixture was stirred for 
an additional 60 min at room temperature, al- 
lowed to stand overnight in a refrigerator, filtered 
and dried at 50°C under reduced pressure to yield 
a red precipitate, which was used without purifica- 
tion in the next step, the synthesis of 2PC-5-NPH. 

2.2. Synthesis of 
2-pyridinrcarbaldehyde-5-nitro-pyrdylhydrazone 

2PC-5-NPH was synthesized by refhrxing 
equimolar amounts of 2-pyridinecarbaldehyde 
and 5-nitro-2-pyridylhydrazine in ethanol-water 
(4:1, V/V) for 3 h. The product, a yellow crystal, 
was recrystallized from ethanol and dried at 
110°C for 10 h under reduced pressure. 

2.3. Reugent 

Analytical-reagent grade chemicals and dis- 
tilled, deionized water were used throughout. A 
iron(II1) stock solution (1 x lop3 M) was pre- 
pared by dissolving appropriate amounts of ana- 
lytical grade FeClz in doubly distilled water and 
this was standardized with EDTA [17]. Working 
solution were prepared by suitable dilutions of the 
stock solution with deionized water. The hexam- 
ethylenetetramine (HTM) was dissolved in deion- 
ized water. 

Surfactant solutions were prepared by dissolv- 
ing suitable amounts of surfactants in deionized 
water with gentle heating. 

2.4. Appuratus 

All fluorescence measurements were made with 
a Shimadzu RF-5000 spectrofluorophotometer us- 
ing 1 cm quartz cells. The band passes were set at 
5 nm for both the excitation and emission 
monochromators. 

A Hitachi IR 435 infrared spectrophotometer, 
NOVA-310 pH meter and Yamato model MP-1 
melting point apparatus were used. The surface 
tension of the soluble solutions were measured at 
25°C f 0.1 with a Fisher tensiometer equipped 
with a glass plate. 



K.-W. Cola. C.-I. Park / Talanta 43 1195%) 1335 1340 1337 

Table 1 
Data of melting point, yields and infrared sprctra of synthe- 
sised hydrazone 

Hydrazone 

5N-2PH 
ZPC-SNPH 

M.P. 

Pa 

200 
236 

Yield IR spectra (cm-‘) 
( %, ) 

1’c N PC- N “N-H 

92.5 1420 I290 
71.8 1600 1423 1292 

2.5. General procedure for the detemination of 
Fe(III) in the presence of surfuctant 

A 5 ml sample solution containing 1 x 10 ~ 4 M 
Fe(lI1) was placed in a 50 ml calibrated flask; 5.0 
ml of I x 10 - ’ M 2PC-SNPH in methanol, 2.5 ml 
of 0.5 M hexamethylenetetramine and 10 ml of 
1 .O x 10 ~ 3 M surfactant solution were added, 
then the contents were diluted to the mark with 
methanol and mixed thoroughly. 

With excitation at 300 nm, fluorescence spectra 
and the fluorescence intensity at 420 nm were 
measured. 

3. Results and discussion 

3.1. IdentiJicution of the hydrazones 

ZPC-SNPH is yellowish solid which is slightly 
soluble in water but can be easily dissolved in 
methanol. Identification of the synthesized hydra- 
zones was carried out by infrared (IR) spectra. IR 
spectra (potassium bromide pellet) of the synthe- 
sized hydrazones were measured in order to 
confirm their structures. 

The spectra exhibited absorption peaks as- 
signed to the stretching vibration of an azome- 
thine bond (-N=C :) around 1600 cm ~ ‘. The 
melting point, yield and IR spectral data of 
the synthesized hydrazones are summarized in 
Table 1. 

3.2. Stud?, of Fe(III)-2PC-SNPH complex 

The 2PC-SNPH ligand reacted with Fe(III) to 
yield a yellow colored solution at pH 7.0. Fig. 1 

Em: 420nm Ex: 300nm 
/ 

400 4x) 420 430 440 450 240 260 260 300 320 340 
Wavelength (nm) 

Fig. I. Excitation (Ex) and emission (Em) spectra of 2PC- 
5NPH and its Fe(ll1) complex in 35% water and 65% 
methanol medium. (I) absence of Fe(ll1); (2) 2.6 x IO-’ M 
Fe(lll): (3) 5.0 x IOV’ M FeWI); (4) 1.0 x 10W4 M Fe(ll1): 
I .O x 10 -~ 4 M ZPC-SNPH. 

shows the excitation and emission spectra of the 
reagent and its complex with Fe(II1) at pH 7.0. 
The excitation and emission peak of the ligand 
were found to be 300 nm and 425 nm, respec- 
tively. As shown in Fig. 1, a remarkable increase 
in fluorescence intensity and absorbance of the 
ligand at each wavelength was observed in the 
presence of Fe(II1). The excitation peak of the 
2PC-SNPH in the precence of Fe(II1) is also at 
300 nm, but the emission peak shifts from 425 to 
410-420 nm. 

The pH effect on the fluorescence intensity of 
the Fe(III)-2PC-SNPH complex at 420 nm was 
made in the pH range 4.0-l 1.2 (Fig. 2). The 

f 
/’ 

- ,,; 

l 

/ 
0 

45 5.0 55 6.0 6.5 70 7.5 8.0 6.5 9.0 9.5 10.0 10.5 11.0 

[PHI 

Fig. 2. Effect of pH on the fluorescence intensity of Fe(lIl)- 
ZPC-5NPH in 35% water and 65% methanol medium. 2.0 x 
IOW’ M Fe(ll1): I.0 x lo-” M ZPC-SNPH. 



Fig. 3. Plot of the continuous variation method for formation 
of the Fe(lll)-2PC-5NPH complex in 35”!41 water and 65’1,~ 
methanol medium. [Fe’+] and [ZPC-5NPH]: 1.0 x IO ’ M. 

None 11.8 1.0 
CTMAB I.0 x 10-j 89.4 4. I 
CPC I.0 x 10m4 32.7 I.5 
DTMAB 1.0x lo-4 53. I 2.4 
Triton X-l 00 1.0 x 10ml 44.5 2.1 
SDS l.oxlo~~ 20.6 0.9 

Fe(lII):l.8xlO~‘: ZPC-SNPH: 1.0~10~~ M 
EF, enhancement factor. 

results indicate that maximum fluorescence inten- lammonium bromide (CTMAB) > dodecyltrim- 
sity was obtained at pH 7.0. Thus, pH 7.0 was ethylammonium bromide (DTMAB) > Triton 
selected as the optimum pH in further investiga- X-100 > cetylpridinium chloride (CPC). However, 
tions. The solution pH was adjusted with hexam- in a solution of the anionic surfactant, sodium 
ethylenetetramine solution and hydrochloric acid dodecyl sulphate (SDS). a somewhat diminished 
or sodium hydroxide. fluorescence was observed. 

In order to study the composition of Fe(III) 
and 2PC-SNPH, the mole ratio of Fe(II1) and 
ZPC-5NPH in the Fe(W)-2PC-SNPH complex 
was determined using the continuous variation 
method. 

The fluorescence intensity of each solution con- 
taining a different volume fraction of Fe(II1) and 
‘PC-SNPH at the same concentration was mea- 
sured. The results (Fig. 3) indicate that the mole 
ratio of Fe( III) and 2PC-SNPH in the complex 
was 1:2. 

The greatest fluorescence intensity for the 
Fe(III)&2PC-SNPH complex was observed in the 
CTMAB surfactant. The influence of the CTMAB 
concentration on the fluorescence intensity of 
Fe(III)-2PC-5NPH complex is shown in Fig. 5. 

The maximum fluorescence intensity of 
Fe(III)-2PC-SNPH was obtained at a CTMAB 
concentration of 2.0 x 10 Pa M. Hence, 2.0 x lop4 

The composition of 2PC-SNPH and Fe(II1) can 
be considered with the formation of the Fe(ZPC- 
5NPH)? complex as follows: 

Fe” + + 2HL = FeL, - + 2H + (HL = 2PC-SNPH) 

I Em: 420nm Ex: 300nm 

The effects of various surfactants were studied. 
As shown in Table 2 and Fig. 4. a remarkable 
increase of the absorbance and fluorescence inten- 
sity of the Fe(III)-2PC-SNPH complex was ob- 
served in the solution of cationic and non-ionic 
surfactants. The order of increase in absorbance 
and fluorescence intensity was hexadecyltrimethy- 

Table 2 
Fluorescent characteristics of Fe(IIl)kZPC-SNPH in the 
ditrerent surfactants 

Surfdctant Concentration Fluorescence EF 
CM) intensity Em 

i.,,,, (420 nm) 

CTMAB 

J 
380 400 420 440 480 280 280 300 320 340 

Wavelength (nm) 

Fig. 4. Surfactant etrects on the excitation and emission spec- 
tra of the Fe(III)--?PC-SNPH complex at pH 7.0. I.8 x IO-’ 
M Fe(II1); 1.0 x lOmJ ‘PC-SNPH: 1 x IO-’ M surfactant. 
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Fig. 5. CTMAB concentration etkts on fluorescence intensity 
of Fe(III)k2PC-5NPH complex at pH 7.0. 1.8 x IO-‘ M 
Fe(III): 1.0 x IO-’ M ZPC-5NPH 

M CTMAB was chosen as the optimum concen- 
tration in further studies. 

The critical micellar concentration (CMC) of 
CTMAB in the water medium was determined as 
5 x 10 4 M. When CTMAB was dissolved in the 
water above the CMC, the molecules of CTMAB 
exist mainly as a micelle state. The phenomenon 
of the increase of fluorescence intensity below 
2 x 10 -’ M can be considered as the solubility 
increase of Fe(III)-2PGSNPH by the surfactant, 
but in a concentration higher than 2 x 10 a M 
CTMAB, the bromide ion liberated from CTM- 
AB reduced the fluorescence intensity of the 
complex. 

The mole ratio of the Fe(III)-2PC-5NPH com- 
plex was also determined in the presence of 1 x 
10 ~’ M CTMAB using the continuous variation 
method. 

The mole ratio of Fe(II1) and ZPC-5NPH in the 
presence of CTMAB was also 1:2. 

3.5. Cdibrution curw 

The conditions for determining Fe(II1) with 
2PC-5NPH were optimized. The most suitable 
concentration of ZPC-SNPH was found to be 
1.0 x 1O-4 M (for 1.0 /lg ml-’ iron). 

A linear relationship between fluorescence in- 
tensity and Fe(II1) concentration was obtained in 
the 0.20- 1.45 pg ml - ’ range (Fig. 6). The cali- 
bration equation, obtained by the least-squares 
method, is: Y = 1.496~ - 0.04 (Y = 0.997, n = 7). 

Fig. 6. Calibration curve of Fe(III)-7PC-SNPH at pH 7.0 
using optimized procedure. 

where Y is the relative fluorescence intensity. and 
s the concentration of Fe(II1) in /cg ml - ‘. The 
detection limit (SIN = 2) was 0.028 /lg ml ~ ’ and 
the relative standard deviation at the 0.3 ,~g ml - ’ 
iron level was 2.9% (n = 7). 

The influence of common cations and anions on 
the determination of 1.0 jig ml - ’ of Fe(II1) was 
examined. The results are summarized in Table 3. 
The tolerated amounts of each ion were calcul- 

Table 3 
Effect of interfering ions on the determination of iron(III) 
(I pg ml -‘I 

Interfermg ion 

Fe(I1) 
Cu(II) 
Cdl II t 
Pb(II) 
SI1(IIJ 
.4l(IIl) 
Pt(II) 
Au(III) 
Zr(IV) 
CrtII) 
Pd(lI) 
Y(III) 
SC(III) 
Oxalate 
Citrate 
EDTA 

Tolerated amount (;cg ml ‘) 

0.3 
0. I 
I .o 

IO 
25 

1.0 
4.0 

IO 
3.0 

15 
0.5 

15 
4.0 

IS 

Condition; ZPC-SNPH: I x IO-’ M. CTMAB: 2 x IO-” M. 
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ated as the concentration values which resulted 
in less than 5% deviation in the fluorescence 
intensity. 

4. Conclusion 

2PC-SNPH is a new fluorimetric reagent for the 
determination of Fe(III). The method described is 
very sensitive and selective for the direct determi- 
nation of iron(III) over the range 0.20-1.45 pg 
ml ’ Fe(II1). It was found that the fluorescence 
intensity of the Fe(III)-2PC-SNPH complex in 
the presence CTMAB was strongly enhanced. The 
excitation and emission peak of Fe(III)-2PC- 
5NPH are 300 nm and 420 nm, respectively, in 
both the presence and absence of CTMAB. The 
detection limit of the method is 0.028 pg ml ~ ‘. 
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Abstract 

The suitability of composite graphite-poly(tetrafluoroethylene) (Teflon) electrodes as amperometric indicator 
electrodes in HPLC detection is demonstrated. The determination of the fungicides thiram and disulfiram in the 
presence of ziram has been chosen as an analytical problem. The optimization of working conditions, such as the 
choice of the organic solvent used in the mobile phase as well as its percentage, the potential applied to the composite 
electrode, and the time elapsed between mixing the carbamates and the injection, has been accomplished by using the 
wall-jet flow-cell configuration. The effect of the acetonitrile percentage used in the mobile phase on the retention of 
thiram, disulfiram, ziram and phenol was evaluated. Resolution up to the baseline can be achieved with 45% 
acetonitrile. The sensitivity of the determination of thiram and disulfiram in the presence of a constant concentration 
of ziram is slightly better when using a wall-jet cell; however, the background current is higher, as well as the baseline 
noise and the time necessary to achieve stabilization of the baseline before the injection. Lower limits of detection for 
both fungicides, as well as a better repeatability, were obtained when using a thin-layer flow cell configuration. As an 
application, the determination of thiram in spiked apple samples, at a level of 0.5 mg thiram kg- ’ apple, has been 
carried out with a mean recovery of 97 & 3% for a significance level of 0.05. 

Keywords: Composite electrodes; Disulfiram: Graphite-Teflon: HPLC: Thiram 

1. Introduction 

The use of composite matrices, consisting of at 
least one conductor phase mixed with at least one 
insulator phase, for the fabrication of high perfor- 
mance indicator electrodes in flowing systems 
such as flow-injection analysis (FIA) and liquid 

* Corresponding author. 

chromatography (LC) is an area of increasing 
practical interest in modern electroanalysis. The 
main objective is, obviously, to improve the per- 
formance of conventional electrode materials such 
as glassy carbon (GC), essentially with regard to 
sensitivity and fouling of the electrode surface, 
which involves tedious chemical or electrochemi- 
cal pretreatment of such a surface. An outstand- 
ing approach to achieve this is the use of carbon 
paste electrodes whose use in LC detection has 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01899-l 



been reviewed by Baldwin and Thomsen [l]. 
Nevertheless. some authors [2-41 have claimed 
that these electrodes show a lack of long- 
term stability in flowing streams mainly because 
of swelling phenomena. Several interesting strate- 
gies have been proposed to improve the mechani- 
cal stability of carbon electrode matrices. 
including the use of conductive carbon cement 
[5], or of several insulator materials such as Kel- 
F [6]. epoxy [7], solid parafin [8], and Teflon 
(poly(tetrafluoroethylene)) [9]. 

Regarding Teflon-graphite electrodes. al- 
though Shah and Honigberg demonstrated 
in 1983 that these electrodes are useful for the 
electrochemical detection of phenolic com- 
pounds. separated by liquid chromatography [lo]. 
surprisingly, no further work on the use of 
this composite material for electrochemical 
detection (ED) in flowing systems was made 
until very recently, when our group reported flow- 
injection methods with amperometric detection 
based on the electrochemical oxidation of the 
N,N-dialkyldithiocarbamate fungicides thiram 
(tetramethylthiuram disulfide) and disulfiram 
(tetraethylthiuram disulfide) on these electrodes 
[ll]. We showed that usual FIA methodol- 
ogies used with conventional electrodes can also 
be applied to graphite-Teflon composite elec- 
trodes, which offer very advantageous proper- 
ties from a practical point of view, in particular 
their compatibility with non-aqueous solvents and 
the very easy regeneration of the electrode when 
necessary. 

In this paper, graphite-Teflon electrodes 
have been used as electrochemical detectors in 
HPLC. Because of the strong interference that 
the presence of thiram caused on the disulfiram 
amperometric signal, as well as the interfer- 
ence from other species previously tested [l l] 
such as the fungicide zinc N,N-dimethyldithio- 
carbamate (ziram) and phenol, we have chosen 
the determination of both thiram and disulfiram 
in the presence of ziram as an analytical problem 
for evaluating graphite-Teflon composite elec- 
trodes as amperometric indicator electrodes in 
HPLC detection. 

2. Experimental 

2.1. Appurutus 

Chromatographic separations were carried out 
using a Waters Model 510 (Millipore) solvent-de- 
livery pump connected to a 10 cm x 0.46 cm i.d. 
C,, column packed with Lichrosorb RP18 with a 
particle size of 5 pm (Technokroma). Samples 
were injected by means of a Valco (Metrohm) 
injection valve with a sample loop of 10 ~1. The 
column was thermostatted at 25°C. 

Electrochemical detection was accomplished by 
using a Metrohm 656 detector provided with a 
Metrohm EA-1096 wall-jet cell. Detection with a 
thin-layer configuration was carried out with a 
Model MP-1305 EG&G PARC LC thin-layer cell. 
Electrode potentials were controlled by means of 
an Eco Chemie Autolab PSTAT 10 potentiostat 
equipped with the module ECD and using the 
software package GPES 3.1. 

A P-Selecta Ultrasons ultrasonic bath, a P-Se- 
lecta Meditronic centrifuge, a W-2000 Heidolph 
rotary vacuum evaporator, and a Waring blender 
with glass container were also used. 

2.2. Electrodes 

Graphite-40% Teflon pellets were fabricated as 
described in a previous paper (91. When working 
with the wall-jet cell. 3.0 mm diameter disk por- 
tions of the pellets were bored, and each disk was 
press-fitted into a Teflon holder. Electrical contact 
was made through a stainless-steel screw. A 
Metrohm Model 6.0727.000 Ag/AgC1/3 M KC1 
reference electrode and Metrohm Model 
6.0333.010 gold counter electrode were also used. 

When working with the thin-layer configura- 
tion, a cell body similar to that of the MP-1305 
commercial cell was made from Teflon, leaving a 
3.0 mm diameter hole in place of the conventional 
glassy carbon disk. This hole was partially refilled 
with carbon paste (Metrohm 6.2801.00) in order 
to allow electrical contact and finally, the 3.0 mm 
diameter graphite-40% Teflon disk was press- 
fitted into the cavity. The reference electrode used 
was an EG&G PARC Model P/N 219054 Ag/ 
AgCl electrode. 
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2.3. Rrugrnts und solutions 

Thiram, disulfiram, ziram and phenol (Aldrich) 
stock solutions (2500 /lg ml ~’ in the case of 
thiram, disulfiram and phenol, and 750 gg ml ~ ’ 
in the case of ziram) in acetonitrile (Panreac) were 
prepared weekly by weighing. More dilute stan- 
dards were obtained by suitable dilution with 
acetonitrile. All stock solutions were stored at 4°C 
in the refrigerator. 

The mobile phases used were mixtures of ace- 
tonitrile and 0.01 M phosphate buffer pH 7.4, and 
they were filtered through Whatman nylon mem- 
brane filters (0.45 pm pore size). All chemicals 
were of analytical-reagent grade, and the water 
used was obtained from a Millipore Mini-Q 
purification system. 

2.4. Procedures 

The graphite-Teflon electrode was polished 
daily for 5 s on a 150 grit SIC paper. No chemical 
or electrochemical regeneration of the electrode 
surface was then necessary during the whole 
working day, 

Calibration graphs for both thiram and disulfi- 
ram were constructed with and without the pres- 
ence of ziram as interference. They were obtained 
by injecting 10 ,~l aliquots of the appropriate 
stock solution of a mixture of the three herbicides 
in pure acetonitrile into the mobile phase (55:45 
v/v mixture of 0.01 M phosphate buffer pH 7.4 
and acetonitrile) at a flow rate of 2.0 ml min ’ 
(pressure = 1400 p.s.i.). Injections were carried 
out immediately after the preparation of the mix- 
ture solution of ziram, thiram and disulfiram, in 
that order. The oxidation signals were recorded at 
+ 1.0 V vs. Ag/AgCl. 

2.5. Determinution of‘ thimm in spiked upple 
SUt72ple.Y 

About 50 g of cut apple sample was weighed 
accurately and transferred to a blender. Then 50 
,~l of a 500 pug ml ’ thiram stock solution and 
125 ml of chloroform were added. The mixture 
was homogenized at 18 500 rev min ~ ’ for 1 min 
and transferred into six 35 ml centrifuge tubes. 

The blender was rinsed several times with water 
and the rinsings were added to the tubes. After 
centrifugation at 4000 rev min ~ ’ for 10 min, the 
organic phase was filtered through a Buchner 
funnel fitted with a No. 4 glass frit (lo- 16 pm 
diameter), transferred to a 250 ml vessel of the 
rotary vacuum evaporator, and evaporated to 
dryness at room temperature. The residues were 
dissolved in 4.5 ml of acetonitrile with the aid of 
ultrasonic stirring, filtered through nylon mem- 
brane filters of 0.2 pm pore size (Lida), and 
collected in a 5 ml volumetric flask, diluting to the 
mark with acetonitrile. A 10 ~1 portion of this 
solution was injected into the HPLC column, and 
chromatographed at a flow rate of 2 ml min ‘. 
The determination of thiram was carried out us- 
ing a calibration graph, in the range 5.0-25.0 pg 
ml-‘, obtained by adding aliquots of fungicide 
stock solution to a blank apple sample subjected 
to the above treatment. 

3. R&Its and discussion 

The optimization of working conditions, such 
as the choice of the organic solvent used in the 
mobile phase as well as its percentage, the poten- 
tial to be applied to the composite electrode, and 
the time elapsed between mixing the carbamates 
and the injection, was accomplished by using the 
wall-jet flow-cell configuration. The composite 
electrode composition, i.e. a mixture of graphite- 
40% Teflon, as well as the aqueous component of 
the mobile phase (phosphate buffer pH 7.4), were 
the same as those used in previous works [9,11]. 

3.1. Choice qf’ the rllohile phusr 

Prior to the coupling of the chromatographic 
column to the system, some assays were carried 
out in order to estimate the amperometric re- 
sponse of a graphite-40% Teflon electrode to the 
decrease in the polarity of 0.01 mol 1~ ’ phosphate 
buffer (pH 7.4) carrier solution, due to the addi- 
tion of different methanol or acetonitrile ratios. In 
order to do this, 60 ,ug ml - ’ aliquots of thiram 
solutions prepared in the same medium as the 
carrier were injected into the flowing system with 
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no chromatographic column. The flow rate was 
2.0 ml min - ‘, and the applied potential + 1.0 V 
1111. 

As the organic solvent percentage increased, a 
sharp decrease in the peak current as well as an 
increase in the background current were observed. 
The amperometric signal decreased by 80% if 25% 
methanol was used in the mobile phase, and by 
95% if 50% was employed. If 75% methanol was 
used, the analytical signal was lower than the 
baseline noise. 

When using acetonitrile, the signal decrease was 
somewhat lower. If the mobile phase contained 
250/D acetonitrile, i, was 70% lower than in 0.01 M 
phosphate buffer medium, but the noise level and 
the background current were lower than when 
using methanol. For 75% acetonitrile, precipita- 
tion of phosphate was observed. Taking into ac- 
count these results, acetonitrile was chosen as 
mobile phase modifier. 

In previous work [1 11, amperometric flow-injec- 
tion measurements of thiram and disulfiram in 
aqueous carrier solutions, using graphite-Teflon 
composite electrodes, were made by applying a 
potential of + 1.0 V to the electrodes. Neverthe- 
less, in order to ascertain if the use of an acetoni- 
trile:phosphate buffer mixture as mobile phase 
could affect this potential value for amperometric 
detection, the peak current values measured at 
different applied electrode potentials within the 

“,1 

0.6 - 
iD, MA 

i I 
0.0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 

E. V 

Fig. I. Influence of the applied potential on the thiram peak 
current for a graphite-40% Teflon composite electrode. Car- 
rier: (0) 0.01 M phosphate buffer (pH 7.4); (W) 40:611 v,v 
acetonitrile: 0.01 M phosphate buffer (pH 7.4). Flow rate 3.0 
ml min-‘. 

range 0.50-1.20 V were examined. Fig. 1 shows 
data obtained from 10 ~1 injections of 180 ,ug 
ml ’ thiram in a medium consisting of 40:60 v/v 
mixture of acetonitrile and 0.01 M phosphate 
buffer pH 7.4, used as mobile phase. Data ob- 
tained in 0.01 M phosphate buffer with no ace- 
tonitrile added are also displayed for comparison 
purposes. As can be seen, the shape of these plots 
is similar in both cases showing well-defined 
plateau zones between + 0.90 and + 1.1 V, and 
consequently, the same potential value of + 1.0 V 
was chosen to be applied to the graphite-Teflon 
electrode in subsequent experiments. 

A very important aspect of the practical use of 
graphite-Teflon composite electrodes is to show 
how this material improves the performance of 
conventional electrodes, in particular of GC elec- 
trodes, in flowing conditions. Fig. 2 shows succes- 
sive injections of 2.25 /cg disulfiram, using the 
same carrier solution mentioned above, at both 
graphite-Teflon (A) and glassy carbon (B) am- 
perometric indicator electrodes. As can be clearly 
seen, successive responses are highly reproducible 
when using the composite electrodes, whereas dra- 
matic fouling of the electrode surface, leading to 
disappearance of the disulfiram peak, becomes 
evident in the case with a GC electrode. Further- 
more, the magnitude of the peak current is very 
much larger at the graphite-Teflon electrode. An- 
other important difference is the time needed to 
attain a stable baseline. As can also be observed 
in Fig. 2, a constant background current is 
reached after approximately 400 s in the case of 
the composite electrode, whereas at least 1500 s is 
needed when GC is used. All these practical as- 
pects confirm the potentiality of graphite-Teflon 
composite electrodes as suitable indicator elec- 
trodes in flowing systems. 

3.2. Sepurution oj‘ thirum, disuljiram, ziram and 
phenol 

The effect of the acetonitrile percentage used in 
the mobile phase on the retention characteristics 
of thiram, disulfiram, ziram and phenol was eval- 
uated. The respective capacity factors, when 0.6 
Llcg of each substance was injected individually in 
mobile phases of different acetonitrile:phosphate 
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Fig. 2. Successive injection of 2.25 pg disultiram in a 40:60 v:v 
mixture of acetonitrile and 0.1 M phosphate buffer pH 7.4 
using (A) a graphite-40% Teflon electrode, (B) a CC elec- 
trode. as amperometric detector. Flow rate: 2.0 ml min ’ 

buffer ratios, are shown in Table 1. As can be 
deduced, ziram does not interact with the column, 
and its retention time practically coincides with 
the value of t, calculated from the quality control 
data of the column. However, no baseline pertur- 
bation at I,, was detected when pure acetonitrile 
was injected and, consequently, the determination 
of ziram would also be possible. The k’ values in 
Table 1 were calculated by taking the ziram reten- 
tion time as t,. 

When acetonitrile percentages of 40% or lower 
were used, disulfiram exhibited retention times 
higher than 30 min and, therefore. its signal be- 
came broader and the analysis time increased 
considerably. However, as expected, when the 
acetonitrile content in the mobile phase increased, 

the peak areas for both thiram and disulfiram 
decreased remarkably due to a lowering of the 
diffusion coefficient with changing ionic strength 
and viscosity of the medium. Resolution up to the 
baseline of the three fungicides can be achieved 
when an acetonitrile percentage of 45% is used. 

When a solution containing a binary mixture of 
thiram and disulfiram was chromatographed, two 
peaks were obtained if the injection was made 
immediately after preparing the mixture. How- 
ever, if a few minutes elapsed before the injection, 
a third peak appeared, probably corresponding 
to NJ-diethyl-N’,N’-dimethylthiuram disulfide, 
with an intermediate retention (k’ = 6.9 for 50% 
acetonitrile in the mobile phase). This effect has 
been described previously in the literature [12]. 
Fig. 3 shows chromatograms corresponding to a 
mixture of 60 pg ml ’ thiram and 60 pg ml ’ 
disulfiram when the injection (10 1~1) was accom- 
plished just after the preparation of the mixture, 
and after different elapsed times. As the time 
elapsed between preparation of the mixture and 
injection increased, the peak areas for thiram and 
disulfiram decreased and that of the compound 
with an intermediate retention increased up to 
approximately 90 min. 

The above-mentioned third peak was not ob- 
served if a mixture of thiram and ziram was 
chromatographed, even though the injection was 
carried out 90 min after the preparation of the 
binary mixture solution. On the contrary, if a 
mixture of ziram with disulfiram was analysed, 
four peaks appeared in the chromatogram regis- 

Table I 
Capacity factors for thiram. disulfiram. ziram and phenol in 
acetonitrile:phosphate buffer mobile phases. 0.6 iig of each 
substance injected. Flow rate: 2.0 ml min ’ 

Fungicide Mobile phase 
Acetonitrile: 0.01 M phosphate buffer 

(PH 7.4) 

&ram 
Phenol 
Thiram 
Disultiram 

40:60 45:55 50:50 60:40 

0 0 to 0 
2.0 I.3 I.1 0.9 
7.0 4.2 3.0 2.0 

32.3 28.6 15.9 7.9 
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Fig. 3. HPLC-ED response for injections of a mixture of 60 ,~g 
ml ’ thiram (I) and 60 pg ml ’ disulfiram (2). when the 
mjection was accomplished immediately after preparing the 
mixture (a). and I5 (b). 90 (c). and 180 min (d) later; (3) 
N,A-diethyl-N’.N’-dimethylthiuram disulphide. Mobile phase. 
50:50 v:v acetonitrile: 0.01 M phosphate butfer (pH 7.4); flow 
rate. 2.0 ml min - ‘; Edpp = + I.0 V: volume injected. 10 ,uI. 

tered some minutes after the injection, with capac- 
ity factors of 0, 3.0, 6.4 and 15.7, when 50% 
acetonitrile in the mobile phase was used (Fig. 4). 
The retention time of the second eluate was coin- 
cident with the retention time of thiram under the 
same conditions, and so it can be deduced that 
ziram, thiram, disulfiram and the aforementioned 
N,N-diethyl-N’,N’-dimethylthiuram disulfide co- 

1.4 , 

3 v 
0 

4 
5 10 15 

time, min 

Fig. 4. Chromatogram obtained for a mixture of 60 pg ml ’ 
ziram (I) and 60 /icg ml ’ disulfiram (4) injected 90 min after 
preparing the mixture, (2) thiram, and (3) N,N-diethyl-N’.N’- 
dimethylthiuram disulphide. Conditions as in Fig. 3. 

Fig. 5. HPLC-ED response for a sample containing 30 ~(6 
ml ’ ziram (I), 30 jig ml ’ phenol (2). 30 /rg ml ’ thiram 
(3). and 60 [ig ml ’ disulfiram (4) injected immediately after 
preparing the mixture. Mobile phase. 38:62 v:v acetoni- 
trile:O.Ol M phosphate buffer (pH 7.4). Flow rate: 1.5 ml 
min ’ from (a) to (b). and 5.0 ml mitt ’ after (b). 

existed in solution. 
Resolution up to the baseline of the peaks 

corresponding to the above-mentioned four com- 
pounds can be achieved with 45% of acetonitrile 
in the mobile phase and a flow rate of 2.0 ml 
min’. Consequently, these working conditions 
were chosen for all subsequent studies (calibration 
graphs and determination of thiram in apple sam- 
ples), except those in which phenol was involved. 
However, if phenol was also present in the test 
solution, its peak overlapped with that of ziram, 
although this did not prevent the determination of 
thiram and disulfiram. If a complete separation of 
all these compounds was desired, a lower acetoni- 
trile percentage had to be used, as well as a 
modification of the flow rate when running the 
chromatogram in order to avoid an excessive 
retention of disulfiram. This increase in the flow 
rate produced a baseline drift. as would happen if 
this problem was solved by using a mobile phase 
gradient. Fig. 5 shows a chromatogram obtained 
from a mixture containing ziram, phenol and 
thiram, each of them at 30 pg ml ~ ’ level, and 60 
pg ml ~~ ’ disulfiram using 38%’ acetonitrile in the 
mobile phase, and a flow rate of 1.5 ml min’ 
between the points marked (a) and (b) in the 
chromatogram, and a flow rate of 5.0 ml min ’ 
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Table ? 

Analytical characteristics of the calibration graphs for thirdm and dlsulfiram in the presence of ziram, obtained by HPLC with 

amperometric detection at a graphite- Teflon composite electrode: E,,,,r = + I .O V: 45”,;, acetonitrile m the mobile phase; flow rate. 

2.0 ml min- ‘; volume injected. 10 /rl 

Fungicide Flow-cell Range of Correlation Slope Intercept RSD Determination Detection 

configuration linearity coefficient (1tA s mg ‘) (jlA h) (“%) limit limit 

(mg 1 ‘) (mg I ‘) (mg I-‘) 

Thiram Wall-jet 2 IO 0.998 0.211 i 0.008 -0.039 * 0.05 5.3 I .2 0.4 

IO- 100 0.9990 0.24 + 0.03 -0.7 kO.9 

Thin-layer l&IO 0.997 0.20 f 0.01! 0.01 iO.06 3.5 0.49 0.14 

IO-- 100 0.9998 0.1343 + 0.000’ 0.4 & 0.2 

Disulfiram Wall-jet 6 IO 0.99997 0. 19 + 0.02 0.0 * 0.1 6.4 3.4 1.0 

IO- too 0.9992 0.16 F 0.01 0.3 + 0.6 

Thin-layers 4- IO 0.9990 0.13 * 0 01 (I.01 + 0.09 4.9 2.3 Il.7 

IO- 100 0.9998 0.123 f 0.003 0. I + 0.2 

from (b). A 10 111 aliquot was injected immedi- 
ately after the preparation of the mixture, 

Calibration graphs for both thiram and disulfi- 
ram in the presence of a constant concentration of 
ziram (45 and 4.5 ,~ug ml ’ for the upper and 
lower concentration ranges considered respec- 
tively) were constructed. For comparison pur- 
poses, both wall-jet and thin-layer flow-cell 
configurations were employed to obtain these cali- 
bration graphs. Ranges of linearity appear in 
Table 2. Sensitivity is always slightly better when 
using the wall-jet cell. However. background cur- 
rent is higher, as well as baseline noise and the 
time necessary to achieve stabilization of the base- 
line before the injection (35-40 min in the case of 
a wall-jet cell configuration vs. 10 min with a thin 
layer cell ). 

The analytical characteristics calculated from 
the respective calibration graphs are listed in 
Table 2. Relative standard deviations were calcu- 
lated from 10 different solutions containing 2.0 jcg 
ml ’ thiram, 6.0 /cg ml ’ disulfiram and 4.5 /lg 
ml ’ ziram in the case of the wall-jet configura- 
tion, and 1.0 pg ml ’ thiram. 4.0 jig ml ’ 
disulfiram and 4.5 /lg ml ’ ziram for the thin- 

layer configuration. The limits of determination 
and detection were calculated according to the 
10 x standard deviation and the 3s criteria respec- 
tively. where s is the standard deviation of the 
signals from the above-mentioned solutions. As 
can be deduced. lower limits of determination and 
detection were obtained. as well as a better re- 
peatability? for both thiram and disulfiram when 
using a thin-layer flow-cell configuration. 

3.4. Detr~nli?ltrtiorl of’ tllituru in spih-cd qple 
.,mllj7l~J.s 

As an application of the HPLC with ampero- 
metric detection method using the graphite- 
PTFE composite electrode. the determination of 
thiram in spiked apple samples. at a level of 0.5 
mg thiram kg ’ apple, was carried out by apply- 
ing the procedure described in Section 2. Thiram 
is widely used as an active fungicide. having been 
found in apples, and the amounts allowed in 
agricultural applications are 0.0330.01 g kg- ’ 
[ 131. In the European Union regulations toler- 
ances for dithocarbamates are drafted as 227 mg 

kg ’ (expressed as carbon disulfide). The pro- 
posed procedure was first applied to a blank apple 
sample to which no thiram was added. The signals 
obtained when an aliquot of the blank sample 
extract was injected (1). as well as those corre- 



sponding to succesive additions of 5 ,~lg ml ’ 
thiram to different aliquots of this extract (326). 
are shown in Fig. 6. The slope and intercept of 
the calibration plot constructed in this way were 
0.120+0.006 PA s 1 mgg’ and 0.1 kO.1 /LA s - 
respectively (r = 0.9995). As can be observed. a 
chromatographic peak due to an unknown en- 
dogenous compound present in the apple ap- 
peared before the peak of thiram. This 
endogenous peak did not interfere with the thiram 
analytical signal, thus allowing thiram determina- 
tion under the chosen working conditions. 

For three determinations of apple samples 
spiked with thiram at a concentration level of 0.5 

/‘g g-’ (which implies a final thiram concentra- 
tion in the analytical solution of 5.0 ,~lg ml ‘). an 
experimental mean concentration of 4.8 f 0.2 /lg 
ml ’ (0.48 + 0.02 /lg g ‘) was obtained with a 
mean recovery of 97 f 3”/0 for a significance level 
of 0.05. This recovery is better than that obtained 
by other authors in the same type of sample and 
at the same pesticide concentration level. using 
different HPLC with UV detection methodologies 
[14- 161, indicating that the method proposed here 
is suitable for the determination of thiram in 
apple samples. 

I 0.05 MA I 

1 I  1 

10 20 30 

time, min 

Fig. 6. HPLCED response with a graphite-Teflon electrode 
for an apple sample extract: (1) blank sample extract; (2))(6) 
successive additions of 5 /~g ml ’ thiram to different aliquots 
of this extract. Mobile phase. 45:55 v/v acetonitrile: 0.01 M 
phosphate b&er (pH 7.4); flow rate, 2.0 ml min ‘; Eapp = + 
1.0 V; volume injected, IO ~1. 

4. Conclusions 

All the aforementioned results demonstrate 
the suitability of graphite-Teflon composite 
electrodes for use as electrochemical detection 
systems in HPLC. The methodologies employed 
with conventional electrodes can also be used 
with these consolidated segregated composites 
which offer very advantageous practical pro- 
perties, such as their compatibility with non- 
aqueous solvents. resistance to fouling, and the 
very easy regeneration of the electrode surface 
when necessary. 
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Abstract 

The simultaneous determination of salicylic acid and diflunisal in human serum has been accomplished by 
synchronous fluorimetry. in combination with partial least-squares multivariate calibration. The total luminescence 
information of the analytes has been used to optimize the spectral data set for the calibration, by analysis of the 
three-dimensional excitation-emission matrices. The synchronous spectrum, maintaining a constant difference of 
Ai. = 128 nm between the emission and excitation wavelengths, has been selected as optimum to perform the 
determination. The method is based on the fluorescence of these compounds in chloroform containing 1% (v/v) acetic 
acid. Serum samples are treated with trichloroacetic acid to remove the proteins, and both analytes are extracted into 
chloroform-l”/;) (v/v) acetic acid prior to the determination. For concentrations ranging from 60-240 pg ml-’ of 
each drug, analytical recoveries range from 96’1% to 103% for salicylic acid and from 97% to 105’X1 for diflunisal. 

&‘~‘ords: Diflunisal; Partial least-squares; Salicylic acid; Synchronous Fluorimetry 

1. Introduction 

DiAunisal [2-hydroxy-5-(2,4-difluorophenyl) be- 
nzoic acid] is a ring-substituted salicylic acid 
derivative with analgesic and anti-inflammatory 
properties which make the drug useful for the 
treatment of osteoarthritis [l]. A comparison of 
the pharmacological profile of diflunisal with 
those of some well- known anti-inflammatory 
agents, such as aspirin, ibuprofen and in- 
domethacin, showed that diflunisal is more potent 
and less toxic than these drugs [2]. 

* Corresponding author. 

Two reports [3,4] have appeared demonstrating 
that diflunisal significantly interferes with salicy- 
late measurements in most methods used in the 
routine analysis of this drug: photometry, 
fluorimetry and fluorescence polarimetry. This in- 
terference is a problem if the salicylate concentra- 
tion determined by these methods is used for 
therapeutic monitoring, or in emergency toxicol- 
ogy screening of salicylate [3]. 

To analyze mixtures of salicylic acid and diflu- 
nisal in serum samples, gas chromatography [5] or 
high performance liquid chromatography [6] have 
been used. 

Recently, a non-chromatographic method has 
been proposed for the simultaneous determination 
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of diflunisal and salicylic acid in human serum by 
second-derivative synchronous fluorimetry [7]. 

Multivariate statistical methods, such as princi- 
pal component regression (PCR) and partial least - 
squares (PLS), have been applied in the analysis of 
mixtures, using mainly infrared or UV:‘visible ab- 
sorption spectroscopy. Only a small number of 
methods have been described in which fluorescence 
data are used for multicomponent analysis, by 
multivariate calibration methods [S]. Lindberg et 
al. [9] applied PLS calibration, for the first time, to 
emission fluorescence data, analyzing mixtures of 
humic acid and ligninsulfonate. Martens and co- 
workers [IO- 121 quantified three botanical compo- 
nents, pericarp, aleurone and endosperm. in 
several wheat varieties, to analyse the cereal com- 
position, by applying PLS calibration. To perform 
the determination, a combination of several emis- 
sion scans, recorded at different excitation wave- 
lengths, characteristics of each of the mixture 
components, was used as the spectral data set. 

Jones et al. [I 31 reported the use of excitation, 
emission and synchronous spectra for the determi- 
nation of acyclovir and guanine, applying several 
multivariate calibration methods. In addition, they 
investigated the utilization of second-derivative 
synchronous spectra in the multivariate calibration 
methods. They found that the use of synchronous 
spectral data was the best choice for the determina- 
tion of acyclovir, whereas the use of second-deriva- 
tive synchronous spectra was the best choice for 
the determination of guanine. 

Sanchez Petia et al. [14] applied PLS to the 
analysis of binary mixtures of sulfonamides by 
photochemically-induced fluorimetry. Recently 
[15]. we reported on the optimization of the spec- 
tral data set for the resolution of ternary mixtures 
of salicylic acid and two of its main urinary 
metabolites, salicyluric acid and gentisic acid. The 
excitation spectrum was found to be the best 
spectral data set to determine salicylic and salicy- 
luric acids. while the emission spectrum was the 
optimum for gentisic acid determination by PLS or 
PCR methods. Later on [16], the PLS method was 
applied to the determination of the three com- 
pounds in urine samples, using a data set com- 
posed of the excitation plus the emission spectra as 
the analytical signal. 

In the present study, a method is reported for the 
simultaneous determination of salicylic acid and 
diflunisal in serum samples, by combination of 
synchronous fluorimetry and PLS multivariate cal- 
ibration. 

2. Experimental 

2.1. Rrugrrus 

Stock solutions of salicylic acid (Merck) and 
diflunisal (Sigma), containing 500 pg ml ~ ‘, were 
prepared in chloroform containing 1% (v/v) acetic 
acid. Working standard solutions were prepared by 
appropriate dilution. A 160 g 1~ ’ solution of 
trichloroacetic acid in chloroform and a 0.5 M 
buffer solution of glycinejsodium hydroxide pH 9.4 
were also used. 

Fluorescence measurements were made on an 
SLM Aminco Bowman Series 2 luminescence in- 
strument, equipped with a 150 W continuous 
xenon lamp, interfaced with a PC 386 microcom- 
puter. Data acquisition and data analysis were 
performed with the use of ABZ software version 
1.40. running under OS/2 2.0. The excitation and 
emission slits were both maintained at 8 nm. The 
scan rate of the monochromators was maintained 
at 4 nm s ’ for recording conventional spectra, 
and at 30 nm s ’ for the acquisition of three-di- 
mensional excitation-emission spectra. All mea- 
surements were performed in 10 mm quartz cells, 
at 2O”C, by use of a thermostatic cell holder and 
a Selecta model Frigiterm thermostatic bath. 

The GRAMS-386 Level I version 2.0 software 
package, with the PLS plus version 2.lG applica- 
tion software [17], was used for the statistical 
treatment of the data and the application of the 
PLS multivariate calibration method. The digitized 
spectra acquired with the Series 2 luminescence 
instrument were converted to ASCII XY format 
with the converter included in the ABZ 



software, and imported to the GRAMS-386 pro- 
gram through the included ASCII XY converter. 
A converter program running in BASIC, developed 
by us, was used to transform the bidimensional 
files, in ASCII XY format, to the software pack- 
age SURFER for Windows [18], to obtain the 
three-dimensional excitation-emission matrices 
presented as contour plots. The contour plots in 
the two dimensions of excitation and emission are 
generated by linking points of equal fluorescence 
intensity to form the contour map. 

2.4. Optitnizution of’ the procedure 

In the literature, several methods have been 
proposed for determining salicylic acid or diflu- 
nisal in biological samples. Some of the proce- 
dures described for the determination of salicylic 
acid in biological fluids used a preliminary step of 
extraction in chloroform in acid medium and 
re-extraction of salicylic acid to aqueous solution 
in basic medium [15,19-211. We performed sev- 
eral experiments to examine if this method was 
appropriate for the determination of salicylic acid 
and diflunisal in mixtures. Aliquots of serum were 
spiked with different quantities of salicylic acid or 
diflunisal and extraction with chloroform in hy- 
drochloric acid medium was performed. An 
aliquot of the organic phase was taken and 
glycine/NaOH buffer solution pH 9.4 was used 
for the re-extraction. The fluorescence of the 
aqueous phase was measured. The obtained re- 
coveries for salicylic acid were always higher than 
95%; however, the recoveries found for diflunisal 
were between 80% and 90%. In consequence, this 
method was not adequate for the determination 
of both drugs in mixtures. 

An alternative procedure. recently described in 
the literature [7], was investigated. The method 
used trichloroacetic acid to remove proteins, and 
extraction of salicylic acid and diflunisal into 
chloroform-l% (v/v) acetic acid solution prior to 
instrumental determination. Chloroform contain- 
ing 1% (v/v) acetic acid has also been previously 
reported as a solvent mixture for the fluorimetric 
determination of salicylic acid in the presence of 
aspirin [22]. Using this approach, the recoveries 
were satisfactory for both drugs. 

2.5. Procedure 

Place 0.4 ml of serum containing 255250 /Lg 
ml ’ of salicylic acid and 25-250 pug ml ’ of 
diflunisal into a test tube. Add 0.12 ml of 
trichloroacetic acid solution in chloroform and 
1.6 ml of the chloroform- 1% v/v acetic acid 
solution. Sonicate for 5 min and centrifuge for 3 
min at 15OOg. Take a 0.3 ml aliquot of the organic 
layer and dilute to 6 ml with chloroform- lo/r) v/v 
acetic acid solution, for the measurements. 
Record the synchronous fluorescence spectra, 
maintaining a constant difference Arl = i.,, - 
i ex = 128 nm, in the excitation range 231-364 nm. 
Use the synchronous spectra as the analytical 
signal to make the calibration. Perform the PLS-1 
calibration with a calibration set of 16 samples 
following a two-factor, four-level design, in the 
final concentration ranges varying from 0.25-2.5 
LiLlg ml-’ and 0.25-2.5 pug ml ~’ for salicylic acid 
and diflunisal respectively. Apply the optimized 
calibration matrix, calculated by application of 
the PLS-1 method, to analyze the synchronous 
spectra of the problem samples, and determine the 
concentrations of salicylic acid and diflunisal in 
the serum samples. 

3. Results and discussion 

The excitation and emission spectra of both 
analytes were recorded in a solution of chloro- 
form-l% (v/v) acetic acid. In this solvent mix- 
ture. salicylic acid shows an excitation maximum 
at 3 12 nm and an emission maximum at 444 nm, 
while diflunisal shows two excitation maxima, at 
262 nm and 324 nm, and two emission maxima, at 
402 nm and 448 nm. 

Serum samples were treated as described in 
Section 2.5, and the fluorescence intensity was 
measured at the corresponding excitation and 
emission maxima of salicylic acid and diflunisal 
respectively. In both cases, recoveries higher than 
95% were obtained and, in consequence, this pro- 
cedure was selected for the analysis. 



3.2. Contour plots 

When using fluorescence data for calibration, 
two variables, the excitation and emission wave- 
lengths, are available for optimization. When us- 
ing fluorescence data, the prior optimization of 
the spectral data set, before the application of a 
multivariate calibration procedure, has been pre- 
viously suggested and exploited [ 13,15,16]. 

The selection of the optimum spectral data set 
to perform the determination is best examined by 
collecting the total luminescence spectrum of each 
of the analytes, in the form of an excitation-emis- 
sion matrix (EEM). The EEMs were collected by 
scanning the emission spectra, between 300 and 
540 nm, at increments of the excitation wave- 
length of 4 nm, between 200 and 440 nm, and 
displayed as contour plots. Fig. 1 shows the con- 
tour plots corresponding to salicylic acid and 
diflunisal in chloroform- 1% (v/v) acetic acid solu- 
tion. The spectral data sets selected are repre- 
sented in the contour plots as solid lines slicing 
the data matrix. To make the selection of the 
corresponding scanning conditions to obtain the 

corresponding spectra, we considered the longer 
wavelength maxima of both compounds. They 
were selected, as compromise values, to pass as 
else as possible to the maxima of the components 
of the mixture. Taking into account that the 
excitation maxima of salycilic acid and diflunisal 
are located at 3 12 and 324 nm respectively, the 
emission spectrum was recorded at 318 nm. Simi- 
larly, as the corresponding emission maxima are 
located at 444 nm and 448 nm, the excitation 
spectrum was recorded at an emission wavelength 
of 446 nm. For the selection of the optimum AA 
value in the synchronous spectra for the resolu- 
tion of the mixture, the following considerations 
were taken into account. The optimum AA value 
for the individual determination of salycilic acid, 
without losing sensitivity, would be A/i = 

&m (mu) - &x (max) =444-312nm= 132nm. Sim- 
ilarly, for diflunisal determination: Ai, = 448 - 
324 nm = 124 nm. The AR value chosen (128 nm) 
is intermediate between 132 nm and 124 nm. This 
selection agrees very well with the optimum value 
Ai = 130 nm chosen by other authors for the 
simultaneous determination of salycilic acid and 
diflunisal by second-derivative synchronous 
fluorescence spectroscopy [7]. The corresponding 
excitation, emission and synchronous spectra are 
presented in Fig. 2. 

440 

420 
400 
380 

360 

260 

240 

220 

200 
I  I  I  I  

‘40 320 340 360 380 400 420 4kl 46X 480 500 520 

Emission (nm) 

Fig. I. Contour plots of the total fluorescence spectra of (-) 
salicylic acid and (- .) diflunisal in chloroform- I’!,,, \i v 
acetic acid. The selected paths for scanning the excitation 
(i,, = 466 nm). emission (i.,, = 318 nm) and synchronous 
(Ai. = I28 nml spectra are shown by the solid hnes slicing the 
data matrix. [DF] = 0.62 fig ml - ‘. [SA] = 0.61 118 ml I, 

3.3. Matrix of calihrution and selection of the 
spectral zones for the analllsis b?, PLS 

The three different data sets selected-the exci- 
tation spectra. the emission spectra and the syn- 
chronous spectra-were evaluated to perform the 
determination. Because full-spectrum methods, 
such as PLS, can use many wavelengths it seems 
that wavelength selection is unnecessary, and all 
available wavelengths are often used. However, 
measurements from spectral wavelengths that are 
non-informative in a model degrade performance. 
Correlation plots that search for wavelength 
ranges exhibiting good selectivity and sensitivity, 
for the analytes of interest, over the calibration 
set, were used for the wavelength range selections. 
The spectral regions between 228 and 366 nm for 
excitation, between 340 and 540 nm for emission 
and between &i;&,, = 231/359 and 3641492 nm 
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Fig. 2. (a) Excitation (i,, = 466 nm), (b) emission (i,, = 318 
nm) and (c) synchronous (Ai. = 118 nm) spectral data sets for 
the determination of S.4 and DF using PLS-I multivariate 
calibration. [DF] = 0.62 1~8 ml ‘. [SA] = 0.62 11~ ml ‘. 

for the synchronous path were selected for the 
analysis, because these are the zones with the 
maximum spectral information from the mixture 
components. This implies working with 139, 201 
and 134 experimental points per spectra, as the 
spectra were digitized each nanometer. 

Recent studies of multivariate calibration tech- 
niques for the multicomponent resolution of UV/ 
visible data [23%2.5] or fluorescence data [14-161 
revealed no significant difference between the pre- 
dictions made by PCR and PLS. However, if one 
considers its theoretical advantages and optimal 
performance over a wide range of conditions, PLS 
is considered to be the method of choice [26]. The 
PLS-1 algorithm, that performs the PLS analysis 
one component at a time, has been selected to 
perform the determination. 

A two-factor, four-level design with a calibra- 
tion set of 16 samples was used to statistically 
maximize the information content in the spectra. 
The calibration set for the application of the 
PLS-1 calibration method is represented in Fig. 3. 
Each concentration was varied between 0.25 and 
2.5 pug ml- ‘, through the calibration matrix, and 
the run order of the experiments was randomized 
to avoid overfitting of the data by modeling spec- 
trometer drift. 

3.4. Srlwtion of the optimum number of firctors 

An appropriate choice of the number of princi- 
pal components, or factors, is necessary for a 
correct performance of PLS. The number of fac- 
tors should account as much as possible for the 
experimental data without resulting in overfitting. 
and several criteria have been recommended for 
selecting the optimum number [27]. To perform 
that selection in the PLS-1 algorithm, cross-vali- 
dation, leaving out one sample at a time. was 
used. The predicted concentrations were com- 
pared with the known concentrations of the com- 
pounds in each calibration sample, and the 
predicted error sum of squares (PRESS) was cal- 
culated [28]. The PRESS was calculated in the 
same manner each time a new factor was added to 
the PLS-1 model. 

To select the optimum number of factors, the 
criterion proposed by Haaland and Thomas [28] 
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Fig. 3. Mixture design for the two-component mixtures used in 
the data set (A). for the PLS-I calibration method. and 
composition of the synthetic mixtures assayed (J), for the 
evaluation of the predictive ability of the method. 

was used. The model selected is that with the 
fewest number of factors such that PRESS for that 
model is not significantly greater than PRESS 
from the mode which yielded the minimum 
PRESS. The significance level is attributed by 
using an Ftest (x = 0.25). The optimum number of 
factors was two for salicylic acid and diflunisal 
determination, with the three spectral data sets 
employed. 

3.5. Stutistiiul purumetm 

Known concentrtions of all tested samples in- 
cluded in the calibration matrix were compared 
with the predicted concentrations, by cross-valida- 

tion. for the three spectral data sets employed. The 
values of the root mean squared error, RMSE 
(RSD) [29], which is an estimate of the absolute 
error of prediction, by cross-validation, for each 
component in the calibration matrix, are summa- 
rized in Table 1. The correlation coefficients, R, 
obtained when plots of actual versus predicted 
concentrations were constructed, are also included 
in Table 1. In addition, to evaluate the predictive 
ability of the method, for each compound, PLS-1 
was applied to the three spectral data sets of a 
series of problem mixtures, selected in the same 
concentration ranges as those used in the calibra- 
tion set (Fig. 3). The prediction set of samples was 
run at the same time as the calibration set of 
samples. To quantify the predictive performance, 
the standard error of prediction (SEP) [29] and the 
relative error of prediction (REP) were calculated. 
The REP is the standard error of prediction, 
expressed as a percentage of the mean of the true 
concentrations on the prediction set [23]. 

In Table 2, the SEP and REP values obtained 
for salicylic acid and diflunisal prediction, by the 
three data sets used, are summarized. In accor- 
dance with the statistical data obtained by the 
internal cross-validation, the values found for the 
SEP and REP show that slightly better results for 
the prediction of salicylic acid and diflunisal were 
obtained when using the synchronous spectral 
data set as analytical signal and, in consequence, 
this spectral data set was selected for the applica- 
tion of the method to serum samples. 

3.6. Apphtion of the method to serunz mnples 

For the application of the method, pooled 
serum samples were spiked with different quanti- 

Table I 
Statistical parameters of the PLS-I method. using the three spectral data sets 

Component Excitation spectrum Emtssion spectrum 

RMSE R RMSE R 
(RSD)” (RSD),’ 

Salicylic acid 0.030 (2) 0.9992 0.041 (2) 0.9986 
Diflunisal 0.039 (2) 0.9987 0.040 (2) 0.9987 

.’ Values in parentheses correspond to the number of factors used m prediction. 

Synchronous spectrum 

RMSE R 
(RSD) 

0.028 (2) 0.9993 
0.038 (2) 0.9988 
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Table 2 
SEP and REP (%) values for sahcylic acid and diflunisal determination using the excitation. emission and synchronous spectral dat 
by PLS-I calibration 

Compound 

Salicylic acid 
Diflunisal 

Excitation spectrum Emission spectrum Synchronous spectrum 

SEP REP SEP REP SEP REP 
(‘I/;,) (“C,) ( ‘!‘,I) 

0.044 3.0 0.050 3.4 0.036 2.4 

0.056 3.8 0.059 4.0 0.047 3.2 

ties of salicylic acid and diflunisal, in such a form 
that their concentrations were in the range 
25-250 /l g ml ~ ’ The selected concentrations for 
the binary mixtures are typical for salicylic acid 
and diflunisal levels in serum during the first 24 h 
from a typical subject following an oral dose of 
650 mg of aspirin [30] and 500 mg of diflunisal 

[311. 
The proposed method was then applied as 

described in Section 2.5. The percentage 
recoveries found by application of the PLS-1 
calibration method are shown in Table 3. Three 
spectra of three different samples at the same 
concentration were used for each concentration 
level included in the Table. Analytical recoveries 
range from 95% to 103% for salicylic acid and 
from 97% to 105% for diflunisal. for 
concentrations ranging from 60 to 240 /ig ml ‘. 

The method is an alternative to that proposed 

Table 3 
Recovery of salicylic acid (SA) and diflunisal (DF) in serum 
samples by combination of synchronous Auorimetry and PLS 
calibration 

Serum Concentration 
concentration found” 

brg ml ‘) Lug ml -‘) 

Recovery k SD 
(“‘,#I 

SA DF SA DF SA DF 

60 130 59 126 98k I 97 * 3 
90 210 86 120 96 + I 105&Z 

130 60 134 62 103 * 3 103*2 
160 I60 I63 165 102 * I 103* I 
210 240 216 250 lO3&2 104+3 
240 90 137 88 99 2 2 98 & 2 

,’ Average of three measurements. 

by Konstantianos and Ioannou [7], for the 
determination of salicylic acid and diflunisal in 
serum samples, by second-derivative synchronous 
fluorimetry. In that method. diflunisal is directly 
monitored by measuring the second-derivative 
synchronous fluourimetric signal from the 
maximum of excitation at 248 nm, to the 
minimum at 272 nm, where the contribution of 
the salicylic acid is negligible. However, no 
specific signal for salicylic acid is found in the 
second-derivative synchronous spectrum, and the 
signal from the minimum at 314 nm to the 
maximum at 334 nm is used to obtain the 
contributions of both analytes. In consequence, 
salicylic acid concentration is calculated by 
difference. In our case. the PLS calibration 
simplifies the method, allowing the determination 
of both analytes using the whole synchronous 
spectrum as the analytical signal, instead of 
measuring at a single wavelength. 

4. Conclusions 

The results obtained in this work allow us to 
conclude that the two components of the binary 
mixture are accurately determined by syn- 
chronous fluorimetry in combination with PLS 
calibration. 

The total luminescence information contained 
in the three-dimensional excitationemission ma- 
trices allows the selection of the most suitable 
spectral data set to perform the multivariate cali- 
bration. The narrowing of the emission band pro- 
duced by the synchronous scanning slightly 
improved the resolution of the overlapping spec- 
tra of the analytes investigated. 
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The investigation of the combination of the 
different fluorimetric techniques [32]-conven- 
tional synchronous, variable-angle synchronous 
and constant-energy synchronous fluorimetry with 
PLS calibration-seems interesting for broader 
applications in drug analysis as a rapid alternative 
to chromatography. 

[ IZ] B. Pedersen and H. Martens. Multivariate calibration of 
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Abstract 

The ionization constants in aqueous solutions of meso- and DL-dimercaptosuccinic acid and of monomethyl and 
dimethyl meso-succinates were carefully determined by potentiometric and spectrophotometric methods as a result of 
the increasing interest in these molecules as heavy metal chelators. In order to explain the influence of various 
substituents on ionization and 13C NMR properties, the study was extended to the related oxygen derivatives of 
succinic acid and to simpler ethanoic derivatives, With the Swain-Lupton dual substituent treatment it was possible 
to clarify the influence of substituents on both spectral and equilibrium parameters. The differences in pK due to 
conformation are also discussed. 

Kqwords: Ionization constants; Mercapto-carboxylic acids; Potentiometric measurements 

1. Introduction 

meso-Dimercapto succinic acid (DMSA) has 
been proposed as a very powerful ligand for the 
treatment of heavy metal poisoning [l-4]. A num- 
ber of studies have appeared concerning both the 
in-vivo behaviour of this drug [5,6] and the chem- 
ical characterization of its metal complexes and 
related solution equilibria [7- 151. The involve- 
ment of both carboxylic and sulfhydryl bonding is 

* Corresponding author. 

well established, although some disagreement on 
the bonding schemes as well as the numerical 
values of equilibrium constants exists. The aim of 
the present work is to contribute to the knowledge 
of DMSA equilibria via a thorough study on the 
ionizations of DMSA and related molecules, to 
explain how their acid behaviour and conse- 
quently their binding properties towards metal 
ions [16,17], can be affected by substituents and 
conformations. In order to obtain reliable results 
accurate potentiometric and spectrophotometric 
measurements were used. Table 1 shows all com- 
pounds and nomenclature used in the paper. 

0039-9140/96/$15.00 Q 1996 Elsevier Science B.V. All rights reserved 
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2. Experimental gon tube and a salt bridge connected to the 
reference cell. This was filled with 0.1 M KC1 

2.1. Materials and methods solution in which a saturated calomel electrode 
was dipped. The solutions (25 cm’, at an ionic 

The compounds were all Aldrich products, with strength of 0.1 M KCl) were titrated at 25°C with 
the exception of DL-tartaric and meso-tartaric carbonate-free 0.1 M KOH whose titre was con- 
acids which were purchased from Fluka, and DL- trolled daily. 
mercapto succinic acid, monomethyl and dimethyl The electrode was calibrated for hydrogen ion 
dimercapto succinates which were synthesized by concentration by titration with HCl; the resulting 
us according to Gerecke et al. [ 181. The commer- potentiometric data were analyzed with the Gran 
cial compounds were used without further purifi- [19] procedure using our GRANPLOT program. 
cation; the others were checked by 13C NMR, IR The ionization constants were calculated with the 
spectra and elemental analysis with a CHN-S PSEQLJAD [20] program operating on the experi- 
Fisons instrument. The following elemental analy- mental data (ml, log[H+]), as in Fig. IA for 
sis results were obtained: dimethyl dimercapto succinate. 

Compound 15 18 19 

Calculated (‘%) 
Found (Yo) 

C 26.4, H 3.3, S 35.2 C 30.6, H 4.1, S 32.7 C 34.3. H 4.8. S 30.5 
C 26.7, H 3.4, S 35.1 C 30.5, H 4.3, S 32.0 C 33.9, H 4.9, S 30.8 

Solutions of reagents were always freshly pre- 
pared by dissolving a weighed amount of reagent 
in freshly bidistilled water saturated with argon, 
in view of their aptitude for decomposition, and 
stored in a refrigerator. Taking into account the 
possibility of decomposition, the solutions were 
degassed with argon during the experimental 
work and periodically tested by recording UV 
spectra in solutions with a fixed addition of 0.1 M 
KOH. 

2.2. IR 

The IR spectra were recorded with a Perkin- 
Elmer 983 instrument in the range 4000-200 
cm-’ using KBr pellets for solid compounds and 
0.1 disks for neat liquids. 

2.3. Potentiometric studies 

Titrations were performed on a Dosimat 655 
Metrohm automatic titrator connected to a 
Metrohm 654 pH meter, in a thermostatted 
glass cell equipped with a magnetic stirring 
system, a Metrohm glass electrode for highly 
alkaline solutions. a thermometric probe, a 
microburet delivery tube. an inlet-outlet ar- 

2.4. Sprctrophotometric measurements 

Absorption spectra were recorded on a 
Hewlett-Packard X452 diode array spectrophoto- 
meter; a flow cell joined to a titration vessel with 
a peristaltic pump was used; the whole apparatus 
was thermostatted at 25°C and kept under an 
argon atmosphere. In order to make reliable spec- 
trophotometric determinations of the ionization 
constants, 15-20 spectra (such as those presented 
in Fig. 1B for dimethyl dimercapto succinate) 
were collected at pH values in the range f 2 pH 
units around the pK value to be determined, by 
titrating the solutions with 0.1 M KOH (at an 
ionic strength of 0.1 M KCl). The spectra were 
then recorded by transferring the solution to the 
flow cell at a fixed time interval after each KOH 
addition. The concentrations of the acid solutions 
were chosen on the basis of their absorptivities 
estimated from previous measurements. 

2.5. NMR meusurements 

Natural abundance 13C NMR spectra were 
recorded on a Varian VXR-300 spectrometer at 
75.43 MHz using 10 mm diameter tubes. The 13C 
spectra were ‘H-decoupled by means of square 
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Fig. 1. Experimental data and calculated results for dimethyl dimercapto succinate (19): (A) potentiometric titration of 25 ml of 
I x IO--’ M 19 with 0.1 M KOH (points are experimental data. solid line is calculated); (B) UV spectra of I x IO-” M solution 
of 19 at different H+ concentrations; (C) distribution plots of a I x IO -’ M solution of 19 using the pK values in Table 2; (D) 
absorptivity spectra of the variously protonated forms of 19 obtained by SPECFIT least-squares calculations. 

wave modulation of the decoupler carrier 
centered on the proton field. The carbon chemical 
shifts were measured at 21°C in CDCl, solutions 
(b = 77.0). The substances were first dissolved in 
the smallest possible amount of CD,OD 
whenever their dissolution in pure CDCl, was not 
possible. 

2.6. Calculation of ionization constants from 

spectrophotometric duta 

Matrix A of absorbance data for each sub- 
stance collected at NW wavelengths on N, solu- 
tions of different pH was analyzed by the SPECFIT 

program [21]. SPECFIT performs evolving factor 
analysis which allows one to calculate the concen- 
tration profiles and spectra of all absorbing spe- 
cies without using the law of mass action or 
defining the stoichiometric composition of the 
species. As a second step, constants and spectra of 
all absorbing species can be calculated with the 
usual least-squares analysis; the results of such 
calculations on the experimental data for 19 are 
shown in Figs. 1C and 1 D. 

Matrix A was also analyzed with our SPECPEAK 

program [22] which performs a decomposition of 
spectra into the component gaussian peaks. The 
peak heights thus calculated give a further evalua- 
tion of ionization constants and of the reliability 
of the data. 

3. Results and discussion 

Before analyzing 14, 15, 16, 18 and 19 as chelat- 
ing molecules, we carried out a preliminary study 
of their acid behaviour. In order to evaluate how 
structure and substituents affect acidity, the 
broader set of molecules presented in Table 1 was 
examined. Besides the above-mentioned com- 
pounds, the basic compound 10 and the 
analogous hydroxy compounds 11, 12, 13 and 17 
were chosen to obtain a deeper insight into the 
effects of substituent on both chemical and spec- 
tral features. The simpler bifunctional O-9 com- 
pounds were also considered, both to observe the 
influence of each substituent in a simpler structure 
and to compare the trends. 
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Measured values of ionization constants (PI+,. p&., refer to first and second ionization of COOH: pK,,, pK,, refer to first and 
second ionization of SH), “C NMR chemical shifts in ppm (b,,. Rcz refer to the two COOH groups and d, and d, to carbon atoms 
in the chain) and 1R frequencies in cm -’ of SH and CO stretchings (v,, and v(-~). 

(i, 

31.0 
60.0” 
‘6. I 

18.9 
64.0 
28.0 
26. I 
25.6 
28.8 
67.0 
71.9 
72.8 
36.0 
45.6 
44.6 
28.9 
44.7 
44.8 

6, dcl “S ti “Co 

1709’ 
1715’ 
1709’ 

2569 1711 
160.1 1742’ 

18.3 2561 
28.0 2556 
28.0 2551 

2569 1711 
2561 1738 

28.8 174.9 1727-1691 
39.0 172.0 1738-1693 
71.9 173.4 1744 
72.8 172.8 1733 
39.5 173.1 X64-2548 I693 
45.6 173. I 2558-2544 1738-1677 
44.6 172.6 X63-2537 1693 
28.6 172.6 1728-1693 
44.5 171.0 2559 2542 1730-1702 
44.8 171.2 2551 1721 

Compound 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

P& I 

3.57” 
4.56” 
3.62 
3.44 
I .oo 

4.00 
3.24 
2.82 
2.97 
3.12 
1.93 
2.71 
4.27 
2.8 

P&Z 

3.38 

5.24 
4.68 
3.97 
4.49 
4.51 
3.99 
3.43 

P&I P&Z +, 

178.0 
1 74.0h 

9.96 176.7 
160.1 

IO.12 
9.40 
8.71 9.77 

176.7 
7.99 170.7 

174.9 
175.0 
173.4 
172.8 

10.24 174.8 
9.50 12.32 173.1 
9.65 12.05 172.6 

178.2 
7.15 9.98 174.5 
5.23 7.32 171.2 

’ Ref. [26]. 
b Aldrich Library of NMR Spectra. 
‘The Aldrich Library of Infrared Spectra. 

The pK values of the carboxylic groups were 
measured potentiometrically; those of the sulf- 
hydrylic groups were measured potentiometrically 
and spectrophotometrically. The 13C NMR and 
IR spectra of all these molecules were recorded to 
assess their strong dependence on substituents and 
for their prospective use in characterizing metal 
complexes. The collected data are summarized in 
Table 2. Values from the literature are specified. 

In order to overcome the uncertainty inherent 
in potentiometry at a high pH. we resolved to 
resort to spectral measurements. Despite the scep- 
ticism of Rivera-Laos [23] on the reliability of the 
UV results of Egorova [l], it is possible to make 
correct measurements of ionization constants with 
this technique when operating in a controlled 
atmosphere. In a preliminary survey of these sys- 
tems, large spectral variations in the 2006300 nm 
spectral range due to ionization of the SH groups 
were observed, while UV spectra appear com- 
pletely insensitive to COOH deprotonation. The 

pK values of ionization constants for SH, ob- 
tained both by SPECFIT and graphically from peak 
heights obtained by SPECPEAK, are in perfect 
agreement with potentiometric results. 

The spectrophotometrically determined values 
of pK,, for compounds 15 and 16 present uncer- 
tainties due to: (i) large amounts of base which 
alter in an assessable amount the ionic strength of 
the solution; (ii) changes in substances due to 
oxidation at high pH values. The pK values for 
compounds 18 and 19 are new. In fact only the 
values in 50% (v/v) water/methanol are reported 
in the dissertation of Rivera-Laos [23]. We easily 
prepared z 10 ’ M solutions of 18 and 19 in 
water by dissolving correct amounts of com- 
pounds in an ultrasonic bath, while Rivera-Laos 
reported that 18 and 19 were not water-soluble. 
Our results in water are z 0.9 pK units lower 
than those in water/methanol, but they exhibit an 
analogous trend. The NMR and IR data agree 
perfectly with the previous results [23]. 
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The ionization constants of DMSA, as studied 
by a large number of workers with pH metric 
measurements, present a large variability, above 
all in the first ionization at acidic pH and in the 
last ionization at high pH values. Our data for 
DMSA are comparable with those of Harris et al. 
[14] at the same temperature and ionic strength, 
and with those of Kiss et al. [15] considering that 
pK, increases and pK, and pK, decrease on in- 
creasing the ionic strength as pointed out by 
Vukicevic et al. [13]. The data published by Lenz 
and Martell [8] present a much higher pK, and a 
lower pK,, while pK, is almost equal to our value. 
The data obtained at 20°C present a lower disper- 
sion and as expected they are higher than those at 
25°C. 

Our results for 15 are comparable with those of 
Egorova and co-workers [l-4] at 20°C the differ- 
ences being similar to those for 16. 

As far as the last deprotonation is concerned, 
our comment is similar to that of Jones et al. [9] 
who state that “..the value 11.82 indicates the 
second sulfhydryl group only deprotonates at very 
high pH and thus is beyond the scope of the glass 
electrode. In view of this an estimated value of 12 
is assumed”. This was also confirmed by Harris et 
al. [14]. 

The 13C NMR chemical shifts in CDCl, of all 
the compounds present typical values for the car- 
boxylic group between 170 and 180 ppm, with the 
exception of compound 4 which has a 160.1 ppm 
shift; the values for the carbon atoms in the chain 
range from lo-80 ppm according to the sub- 
stituent groups. 

The IR bands for GO stretching fall in the 
typical 1677- 1744 cm ~ ’ range, which is indicative 
of hydrogen bond association in related com- 
pounds. 10, 15, 17 and 18 show a splitting of I’(-~~: 
it is reasonable to explain the presence of these 
two peaks as due to steric effects, as already 
proposed by Duncanson [24] for some derivatives 
of succinic acid. The values of vsH vibrations 
confirm that all the molecules carrying this group 
are involved in self-association; in the case of 14, 
15, 16 and 18 a splitting of this band is also 
detectable. 

In order to explain the numerical values of 
ionization constants as a function of structure and 

substituents we analyzed first the trend of simple 
linear bicarboxylic acids as a function of the bonds 
between the two carboxylic groups; the data 
at 25°C and 0.1 p reported in Fig. 2 are taken 
from Refs. [25-281. Despite some disagreement 
among literature data, the trends are highly 
significant. The trend of the first ionization de- 
pends on inductive factors. which cause an in- 
crease in acidity with respect to unsubstituted 
monocarboxylic acids. This inductive effect van- 
ishes almost completely for succininc acid (three 
bonds). The joint influence of inductive and reso- 
nance effects can rationalise the more complex 
trend of the second ionization: in this case a 
constant value is reached only for glutaric acid. It 
should be remarked that the limiting pK, and pK, 
values are respectively lower and higher than those 
obtained for linear carboxylic acids z 4.6 at the 
same temperature and ionic strength. Further- 
more, we wish to explain how the substituents in 
the basic structures of succinic acid affect the 
ionization of both carboxylic and proximal SH 
groups. To do this the next two sets of compounds 
were examined by SwainLupton (SL) dual sub- 
stituent analysis [29,30] in the form Y= Y, + 
r,F + r,.#. In set 1, which included compounds 0, 
1, 2, 3 and 4, we studied the influence of CH,, 
CH,OH, CH,SH, COOH and COO- on COOH 
ionization, while in set 2 (5, 6,7, 8 and 9) the effect 
of CH,, CH20H, CH,SH, COO- and COOCH, 
(which can be considered as COOH) on SH ion- 

I 

I 6” 

“0 i i 3 4 5 6 
number of bonds 

Fig. 2. pK, (lower curve) and pKZ (upper curve) for bicar- 
boxylic acids of diRerent length vs. the number of bonds 
between the two COOH groups: the broken line represents the 
values for linear monocarboxylic acids. 
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Table 3 
Results of the SwainLupton dual substituent analysis 

Parameter Case y,, II 

P&00, f 3.559 ~ 5.368 
3.553 - 5.382 

P&l a 9.672 -4.346 
b 9.558 -4.357 

ii COOH 116.2 -42.14 
d- CHJY 18.6 
hwLX 20.3 - 10.09 

PK, c 4.244 - 3.242 
d 4.124 ~ 3.344 

P& 5.426 - 3.156 
P82 9.551 - 6.499 
ii CHX 34.0 
~CHX 31.7 16.96 
b CHXCHY 29.1 25.19 

*Without 9 and &’ for CHSH. 
b With 3 and d for CHSH. 
‘Calculated on IO-18 compounds. 
’ Calculated on 10-16. 

ization was examined. In these sets bivariate re- 
gression parameters were calculated by using d 
and d taken from Ref. [30]. Although no value 
for the CH,SH group was available, 9 = 0.05 
and W = - 0.05 were estimated from the values 
for CH,SMe in Table IV of Ref. [30]. The pK 
values of compounds 3 and 7 can thus be taken 
into account. The SL analysis performed on set 1 
and set 2 data both with and without .F and 2 
for CH,SH (cases b and a) gave almost similar 

Fig. 3. pKsH for set 1 compounds vs. p&o,,, for analogous 
compounds in set 2. 

yz S.E. Corr. coeff. 

-6.296 0.152 0.9967 
-6.170 0.150 0.9952 
-2.191 0.243 0.9895 
PI.772 0.407 0.9420 
- 14.60 2.367 0.9861 
-61.46 1.921 0.9949 
- 64.32 1.717 0.9966 

PO.527 0.313 0.9217 
PO.671 0.294 0.9225 
-0.625 0.272 0.9255 
~ 1.296 0.274 0.9805 
~ 53.37 3.835 0.9693 
~ 47.46 3.659 0.9757 
~51.11 1.203 0.9973 

resulfs, thus substantiating the above estimates. 
The values reported in Table 3 show a dependence 

of pKcoo, and P&W on both inductive and reso- 
nance factors 

The pK for COO - is an outlier in the plot of 

P&H vs. P&X,,, for analogous substituents (see 
Fig. 3). This can be clearly explained by the 
different contributions of resonance in determin- 
ing the ionization of the carboxylic group. The 

” E ‘d 4. 1 \‘\‘, 
G ‘\ 

3oj 
,‘\ -1 

I 

“‘A 

20 l!?o.,-,a -0.2 0.0 0.2 
3 

Fig. 4. Regression line of “C NMR chemical shifts of CHzX 
carbon atoms in sets 1 and 2 vs. corresponding values of 
resonance SL parameters. 
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Fig. 5. Regression line of “C NMR chemical shifts of CHX 
CHY carbon atoms m set 3 vs. corresponding values of 
resonance SL parameters, where (*), (:I) and (‘- ) refer to 
Y-H, OH and SH respectively. 

values of ‘“C NMR chemical shifts of carboxylic 
groups can be analyzed in the same way. In this 
case a greater influence of the inductive effect is 
observed even if lack of data variability lowers the 
quality of the results. The 13C NMR chemical 
shifts of carbon atoms close to COOH and SH 
groups of both sets 1 and 2 were treated together 
on the basis of SL parameters for the X sub- 
stituent on CH,X. In this way a clear influence of 
the effects of resonance is shown. A linear regres- 
sion on the resonance parameters alone (see Fig. 
4) does not give a significant variation in either 
standard error (S.E.) or correlation coefficient 
with respect to the bivariate regression, and this 
implies that chemical shifts for these molecules do 
not depend on inductive effects. 

For the succinic acid derivatives (set 3) we 
calculated the SL parameters as the sum of the 
tabulated parameters for X and Y in the central 
part of COOHPCHX-CHY-COOH; this is a 
simplified assumption which does not take into 
account the distances of X and Y from the ioniz- 
able COOH group. As expected on the basis of 
SL parameters for COOH and COOCH,, there is 
no appreciable difference between the results of 
cases c (which includes compounds 17 and 18) 
and d. A very strong dominance of the field effect 
is evident here, unlike in set 1. A very similar 
behaviour is shown by the second ionization con- 
stant. A strong increase in correlation coefficient 

SC-~--- ~.~ ~~ 
0 1 2 

Methylated carboxylrc groups 

Fig. 6. Trends of pK,, vs. number of methylated carboxylic 
groups. ((~ ) and (a) refer to pK,, and pK,> respectively. 

is evident when the p/I2 values are used instead of 
pK,. This is probably because of some averaging 
of distance contributions. Also, in this case the 
chemical shifts depend strongly on the resonance 
parameter, but a second-order dependence on the 
substituent Y is evident, as clearly shown in Fig. 
5. If a bivariate regression of the resonance 
parameter of X and the field parameter of Y is 
made, the S.E. and correlation coefficients are 
improved. 

Regarding the deprotonations of the SH 
groups, each methylation of the carboxylic groups 
increases the acidity of both SH groups by about 
two pH units, as shown in Fig. 6. This can be 
ascribed to a large extent to the difference in 
electrical charge in the ionizable molecules. The 
results of the SL analysis show that this treatment 

x 
a 

3.5 

t 100 

‘hm , 
1.5 * H OH- H 

zi? 
L50 

H OH OH SH 

Fig. 7. pK, ( -J). pk’, (S) and the melting point (a) are 
reported vs. the X (upper) and Y (lower) substituents in the 
COOH-CHX-CHY-COOH molecules. 
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Form I 

can thoroughly rationalize both the ionization 
and spectral features of sets 1 and 2 relating to 
simpler structures. In the third set, relating to the 
succinic acid derivatives, only the spectral 
parameters are explained satisfactorily, and the 
pK values are explained only in general terms. 
Intrinsically, an SL treatment cannot take into 
account those structural effects arising from con- 
formation differences which largely affect acid 
behaviour. These marked differences between 
meso and DL forms are clearly depicted in Fig. 7, 
and are furthermore substantiated by the large 
variability of some solid-state properties, such as 
the frequencies and shapes of the ~~~~~ band and, 
above all, the melting points. 

The differences in acid behaviour between meso 
and optically active forms of tartaric acids were 
clearly discussed by Pettit and Swash [31] who 
stated that “.. .Provided that the interactions be- 
tween the groups are purely steric in origin. the 
most stable conformation is the centrosymmetric 
anti conformer (see form a in the above scheme), 
in which all the similar groups are fully staggered 
about the central C-C axis. This conformation 
can only be adopted by meso form; the optically 
active forms necessarily contain sterically unfa- 
vourable gauche interactions (form b)“. If in solu- 
tion, as in the solid state, meso-tartaric acid 
assumes the conformation c to maximize hydro- 
gen bonding, than the repulsion between the 
charged carboxylated groups is particularly unfa- 
vourable and this explains the pk’, value of the 
meso form being higher than that of DL forms. 
The difference in the first deprotonation is smaller 
because the electrostatic repulsion in form c is 
eliminated. The intramolecular hydrogen bonding 
with SH groups is negligible in the case of the 
mercapto-succinic acids and therefore the meso 
compound 16 assumes the centrosymmetric anti 
conformation a, which is more stable than the 

gauche form b assumed by optically active com- 
pounds. These latter considerations allow one to 
explain the fact that the pK2 value of 16 is lower 
than those of both DL-mercapto succinic and 
meso-tartaric acids. 

The very low pK, value of DL-mercapto suc- 
cinic acid cannot be easily explained by the above 
arguments. and we should resort to some sort of 
hydrogen bonding stabilization of the fully proto- 
nated form of 15. 

These considerations are basically in accor- 
dance with those on chelating properties of 
DMSA made by Arnold et al. [lo] who suggest 
that “chelation is not present in the 1:l complex 
of DMSA, despite the adjacent sulfhydryl groups, 
because of the resultant unfavourable proximity 
of the two deprotonated carboxylate groups 
which would result in this case”. 
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1. Introduction 

Thallium and cadmium are among the most 
toxic environmental pollutants. This makes their 
determination in soils and other environmental 
samples a problem of acute importance [ 1.21. The 
reported natural cadmium content in cultivated 
Bulgarian soils is 0.1-0.5 /cg g ’ [3]. There are no 
official data for the thallium content but it is 
assumed to be of the same order. 

Since standard reference materials for soils and 
related samples, especially ones with a certified 
thallium content, are hard to obtain, the accuracy 
of methods for trace pollutant determination in 
such materials is often checked by comparison 
with the results obtained by independent methods. 

Conventional flame atomic absorption spec- 
trometry (AAS) is still widely used despite devel- 
opments with electrothermal AAS. There are less 
matrix interferences and related systematic errors 
with the flame technique. The major limitation of 

* Corresponding author. 

flame AAS is poor sensitivity in comparison with 
electrothermal AAS. Methods for improving the 
sensitivity of flame AAS using preconcentration 
and/or special sample introduction have been de- 
scribed [2]. For example, the use of a slotted 
quartz tube provides 2.6- and 2.3-fold increases in 
sensitivity for thallium and cadmium respectively 
[4]. This sample introduction technique cannot, 
however, be directly applied to soil digests since 
the matrix components present severely etch the 
quartz tube [4]. Therefore a preliminary separa- 
tion of the analytes from the matrix soil compo- 
nents is necessary. 

In our former work [5] the chlorocomplexes of 
Tl(III) were selectively sorbed on an anion-ex- 
change resin from the soil digest in 0.1 M HCI. 
Since cadmium is also sorbed on anion exchang- 
ers from HCI solutions of relatively low acidity 
[6]. it was of interest to study the possibilities for 
the simultaneous anion-exchange separation of 
Tl( III) and Cd( II) from the soil digest with a view 
to their subsequent flame AAS determination in 
the corresponding eluate. 

0039-9140 96 Sl5.00 % 1996 Elscvier Science B.V. All rights reserved 
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2. Experimental 

Reagents of AR grade and redistilled water 
were used throughout. The stock solutions of the 
elements (1 mg ml-‘) were prepared from Merck 
titrisols. The flame atomic absorption spectrome- 
ter model SP 192 (Pye Unicam) equipped with a 
slotted quartz tube according to Ref. [4] was used. 
To prolong the lifetime of the quartz tube, it was 
coated prior to each run with a 1% (w/v) aqueous 
solution of LaCl, by aspirating for 3 min in the 
burner flame [5]. Calibration was performed by 
means of acidified aqueous standards comparable 
to the corresponding eluates of the analytes. 

2.1. Procedures 

21.1. Scmple digestion 
Grind the air-dried soil samples in an agate 

mortar to pass a loo-mesh sieve. Add 10 ml of 
aqua regia to 0.5 g of the soil sample in a glass 
beaker. Cover the beaker and allow to stand 
overnight. Heat the covered beaker on a water 
bath for 1 h at 9O”C, then evaporate to a wet 
residue. Add 2 ml of concentrated HCl, dilute 
with water and filter into a 25 ml measuring flask. 
Add some drops of aqueous bromine to maintain 
thallium as Tl(III) and make up to volume with 
water. The final solution has an acidity of z 1 M 
HCl. 

2.12. Preconcentrution of thulliwl und cudrnium 
and sepurution jion~ the matrix 

Use a column of 5 mm i.d. the lower part of 
which (between the bottom and the outflow) is 
hydrophobised so that no liquid adheres to the 
column walls. Fill the column with the anion-ex- 
change resin Dowex 1X8 (200-400 mesh, Cl - 
form) to a height of Z 10 mm (100 mg of resin). 
Pass the soil digest solution through the column 
at a rate of ~0.5 ml min-‘. Wash the residual 
solution from the column with 0.5 ml of 1 M HCI. 
Pass live consecutive 0.5 ml aliquots of 2 M 
HNO,. Collect the first 2.0 ml of the eluate and 
analyse for cadmium. Subsequently, pass three 0.5 
ml aliquots of 2% (w/v) ascorbic acid and collect 
1.0 ml of this eluate for thallium determination. 
The use of a new column filling for each run is 

recommended since a layer of organic soil con- 
stituents settles on the top of the resin when the 
digest passes through the column. This layer can- 
not be removed from the resin and lowers the 
sorption efficiency in the subsequent runs. The 
effect is particularly manifested when soils rich in 
organic matter are analysed. 

3. Results and discussion 

The anion-exchange procedure [5] recently de- 
veloped for thallium separation was modified in 
order to provide the simultaneous sorption of 
thallium and cadmium on the resin. The optimiza- 
tion experiments revealed that 1 M HCl was the 
suitable acid with the right chloride concentration 
for the simultaneous quantitative sorption of 
Tl(lII) and Cd(II) as chlorocomplexes on the an- 
ion-exchange resin. Quantitative elution of Tl was 
achieved with 2% ascorbic acid [5] and that of Cd 
with 2 M HNO,. The advantages of the batch 
technique used in Ref. [5] could not be utilized in 
the present work since different eluents were 
needed for the elution of thallium and cadmium 
from the resin and their use in a mixture did not 
yield quantitative recovery of the analytes. There- 
fore the column technique was employed. It was 
found that both the use of a very short layer (1 
cm) of a fine-grained resin (200-400 mesh) and 
the addition of the eluents in small (0.5 ml) con- 
secutive aliquots yielded extremely sharp elution 
curves of the analytes, which permitted the 
achievement of quantitative elution with mini- 
mum eluent volumes: 2.0 and 1 .O ml for cadmium 
and thallium respectively (see Fig. 1). It should be 
stressed that the elution of Cd should precede that 
of Tl, otherwise losses of Cd were registered due 
to its partial elution with Tl. 

The behaviour of the major soil components 
accompanying the analytes in the aqua regia soil 
digest [Fe(III), Ca, Mg, Na, K and Al] during the 
anion-exchange enrichment was studied. That of 
Fe(III) was of particular interest, since, in con- 
trast to alkali metals, alkaline earth metals and 
aluminium. the chlorocomplexes of Fe(II1) were 
expected to be retained on the anion exchanger in 
1 M HCI [6]. A mode1 solution simulating the 
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aqua regia soil digest was used for this purpose. It 
contained 25 mg of Fe(III), 5 mg each of Ca, Mg, 
Al, Na and K, 1.0 ,ug of Tl (III) and 0.5 pg of Cd 
in 25 ml of 1 M HCl. The solution was passed 
through the separation procedure and elution was 
performed as described in Section 2. A subsequent 
1.0 ml aliquot of the ascorbic acid solution was 
collected separately. In a second experiment the 
elution was performed in the following way: after 
washing out the column with 1 M HCl, alternat- 
ing 0.5 ml aliquots of the solution of nitric acid 
and ascorbic acid were passed and a common 2.0 
ml eluate for Cd and Tl was collected. A subse- 
quent 1.0 ml aliquot of the nitric acid solution 
was collected separately. The concentrations of 
the elements in the washing solution and in the 
separate eluates were determined by flame AAS 
(pulse aspiration). The results obtained for Cd, 
Tl, Fe, and Mg are shown in Table 1. The concen- 
trations of Ca, Na and K were at the same level 
as that of Mg. The concentration of Al was below 
the limit of detection. 

It follows from the data presented in Table 1 
that: 

(i) Cd and Tl are quantitatively recovered from 
the simulated aqua regia soil digest by both elu- 
tion procedures. Procedure 1 was preferred in the 
final version since it provided a higher extent of 
preconcentration for Tl; 

(ii) the quantitative elution of Tl, especially in 
the case of alternating nitric and ascorbic acid 
solutions (procedure 2), is evidence for the suc- 
cessful course of the redox reaction between 
TlC14 ~- and ascorbic acid under the dynamic con- 
ditions in the column, yielding the Tl(1) species 

lmol/l HCI 
2%oSc.ocid 

x 
b g 60 

P 
cz 
3 20 

0.5 1 1.5 2 2.5 3 3,s L L.5 5 

ml Eluent 

Fig. 1. Elution curves of cadmium and thallium 

Table 1 
Recovered amounts of Cd, Tl. Fe and Mg in the separated 
eluates. Added to the model solution: 0.5 pg Cd, I.0 pg Tl. 25 
mg Fe(Il1) and 5 mg Mg 

Solution Volume Element 118 

(ml) Cd T1 Fe Mg 

Elution procedure I” 
1 M HCI 0.5 0 0 100 20 
2 M HNO, 2.0 0.5 0 5 0.5 
2°K) ascorbic acid 1.0 0 1.0 0.5 0 
2% ascorbic acid 1.0 0 0 0 0 

Elution procedure 2b 
1 M HCI 0.5 0 0 100 20 

?MHNO,+ 2.0 0.5 1.0 5 0.5 

2% ascorbic acid 
2 M HNO, 1.0 0 0 0.5 0 

.* According to Section 2. 
‘A common eluate for Cd and Tl consisting of alternating 
aliquots of 2 M HNO, and 2% ascorbic acid. 

which is not retained on the anion exchanger; 
(iii) appreciable amounts of Fe(II1) and other 

major soil components were detected only in the 1 
M HCl washing solution, which implies that these 
were residues from the initial solution. Thus the 
negligible concentration of Fe(II1) in the separate 
eluates can be related to insignificant sorption 
rather than to incomplete elution. 

Table 2 
Thallium and cadmium contents in Bulgartan cultivated soils 
digested with aqua regia. The average of five digestions is 
presented. 

Soil sample Thallium (pg gg’) Cadmium (/cg gg’) 

Present Ref. Present Ref. 
work [71 work [71 

Calcarous 0.68 * 0.04 0.62 0.55 kO.03 0.49 

chernozem 
Leached 0.49 i 0.04 0.45 0.60 2 0.03 0.56 

chernozem 
Leached 0.52 + 0.04 0.55 0.81 i 0.03 0.77 

cinnamonic 
forest soil 

Alluvial 0.51 + 0.04 0.50 0.70 f 0.03 0.67 

meadow soil 
Grey forest 0.34 & 0.04 0.38 0.35 * 0.03 0.40 

soil 



The method was applied to the determination 
of thallium and cadmium in some typical repre- 
sentatives of Bulgarian cultivated soils digested 
with aqua regia. The soil samples were taken from 
the top layer (O-20 cm) of several experimental 
fields of the Institute for Soil Research “N. 
Pushkarov”, Sofia. The accuracy of the method 
was checked by comparing the results to those 
obtained by solvent extraction of the analytes 
from the aqua regia soil digest acidified with 
sulphuric acid, followed by flame AAS determina- 
tion in the organic extract [7] (see Table 2). 

The relative deviation at the 0.5 ,ug/g ~ ’ level was 
about 7%. The approach is amenable to flow-in- 
jection analysis. 
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Urea solid-state biosensor suitable for continuous dialysis 
control 
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Abstract 

A solid state potentiometric biosensor for urea determination was assembled coupling a nonactin-based ISE 
without an internal solution with immobilized urease. The system proved to be useful for continuous monitoring of 
urea during dialysis treatment using the ultrafiltrate of blood as sample. A noticeable shift of potential occurred 
during the dialysis (probably due to continuous extraction of ionophore by the ultrafiltrate). Therefore a flow 
injection analysis assembly was necessary to control the shift of electrode potential. 

IG~~~u~tlr: Dialysis: Solid-state biosensor: Urea 

1. Introduction 

The problem of monitoring the course of dialy- 
sis treatment in order to allow a personalized 
treatment (length and frequency) is still a chal- 
lenge even though several suitable approaches 
have been recently published [lP8]. During dialy- 
sis treatment the concentration of urea in blood 
decreases from 50 mM to below 10 mM [9]. 
Nowadays no on-line monitoring of the dialysis 
performance is available and of course the treat- 
ment is rarely interrupted at the optimal point. 

This paper reports the realization of a solid- 
state pontentiometric biosensor (a nonactin-based 

* Corresponding author. 

ion-selective electrode without an internal liquid 
solution coupled with immobilized urease) which 
is very practical and easy to change after every 
dialysis treatment and a procedure based on flow- 
injection analysis (FIA) which is proven to be 
necessary for continuous monitoring of the ul- 
trafiltrate of blood. The FIA procedure permits 
the continuous control of the shift occurring at 
the potentiometric urea sensor which is probably 
due to a continuous extraction of the ionophore 
(nonactin) by the ultrafiltrate of lipophilic charac- 
ter. 

We specifically refer to dialysis treatment where 
the ultrafiltration of blood realized in a suitable 
filter precedes the true dialysis process realized by 
a second filter where the dialysis liquid re-equili- 
brates the blood (Multimat system from Bellco, 

0039-9140~961515.00 (I 1996 Elsevier Science B.V. All rights reserved 
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Italy). The ultrafiltrate of blood obtained in the 
first filter consists of a proteinaceous pale yellow 
liquid which contrains all low-molecular weight 
compounds and is wasted in the dialysis treat- 
ment. This liquid was considered the most suit- 
able for continuous monitoring of urea because 
the urea concentration in this liquid corresponds 
perfectly to the blood concentration [lo]. 

2. Experimental 

2.1. Mutrriuls und uppurutus 

Urease (EC 3.5.1.5 from jack beans type VII, 
400-800 U rng- ‘) was obtained from Sigma. 
Nonactin was an ionophore from Fluka. All 
chemicals used were of analytical grade. All po- 
tentiometric measurements were made vs. the 
SCE with an Amel 336 potentiometer and an 
Amel 866 recording apparatus (Amel, Milan, 
Italy). A Rheodyne valve 7010 with pneumatic 
actuator 5701 (Rheodyne, Cotati, CA) and an 
air-controlled solenoid valve 7 163 (Rheodyne) 
was used in conjunction with a Crouzet type TOP 
948 programmable timer (Crouzet Componenti 
SpA, Milan, Italy) for automatic sampling. A flow 
cell of wall-jet type was obtained from Metrohm 
(cat. no. 656 (electrochemical detector); Metrohm. 
Herisau, Switzerland) where the urea sensor was 
adjusted instead of the working electrode. A 
Gilson (Gilson. Villiers-le-Bel, France) Minipuls 
peristaltic pump was used at a flow rate of 0.8 ml 
min’ as the flowing apparatus. 

2.2. Imtrummtution 

The sensor was obtained by immobilizing over 
a graphite electrode a layer of PVC-nonactin 
solution in tetrahydrofuran and over it a layer of 
urease immobilized with the use of bovine serum 
albumin and glutaraldehyde. The sensor has been 
used in a flow cell (preliminary experiments) or in 
a wall-jet provided with a sampling valve in the 
FIA procedure. The valve was actuated automati- 
cally with a pneumatic actuator and an electronic 
timer to obtain a peak every 4 min. The diagram 
of the instrumentation is presented in Fig. 1 with 
the scheme of the urea potentiometric sensor. 

2.3. Proix~cllwrs 

2.3.1. Prrparution of gruphitr rlrctrodr 
Graphite powder (3.5 g) was thoroughly mixed 

with epoxy glue. As epoxy were mixed Araldite M 
(1 g), Araldite H 964 hardener (1 g) and Araldite 
Y960 (DY060) (0.5 g) as accelerator obtained 
from Fluka. After mixing the graphite with epoxy, 
it was introduced in a plastic syringe and to 
eliminate air bubbles pressure was applied with 
the piston of the syringe. The syringe was left for 
24 h. The barrel of hardened graphite was then 
taken out of the syringe and cut into 5- 10 mm 
long pieces, Each was fixed in a PVC tube with an 
external diameter of 7 mm and an internal diame- 
ter of 3.5 mm. A copper wire was glued from one 
side with the aid of conductive epoxy. 

(b) 

Fig. 1. (a) Scheme of FIA measurements: (A) phosphate buffer 
as carrier; (B) ultraliltrate; (C) peristaltic pump; (D) timer; (E) 
sampling valve, 50 ~1; (F) wall-jet cell; (G) potentiometer; (H) 
recorder: (W) waste. The sampling valve was operated by 
means of a pneumatic actuator controlled by a solenoid valve 
and a Crouzet timer. (b) Scheme of urea electrode: (a) graphite 
plug: (b) layer of nonactin in PVC; (c) layer of urease immobi- 
lized with BSA and glutaraldhyde; (d) cellulose acetate to 
retain membrane against the electrode surface; (e) conductive 
epoxy (silver-based); (f) copper wire; (g) O-ring. 
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Fig. 2. Calibration curve of the solid-state sensor in a flow 
system for ammonium and urea in phosphate buffer (pH 7.0); 
(A) ammonium; (B) urea. 

23.2. Inmobilixtion of nonuctin 
5 mg of nonactin. 100 mg of PVC (high molec- 

ular weight), 200 mg of BBPA (bisbutylpenty- 
ladipate) and 1.5 ml of tetrahydrofuran were 
mixed and stirred in a closed flask (5 ml) for 
about 2 h, to allow complete solubilization of the 
compounds. 
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Fig. 3. Experiment with the ultrafiltrate. Two standard solu- 
tions, IO and 100 mM. were prepared and flowed at the 
beginning and end of a 40 min experiment during when the 
ultrafiltrate (urea content 200 mM) flowed. 

100 ~1 of this solution was layered over the 
graphite electrode (3.5 mm of graphite in a PVC 
tube with an external diameter of 7 mm). After 
2-3 h the ammonia electrode was ready to be 
used [6]. 

23.3. Irnrnobikution of ureuse 
Over the nonactin-based layer was spread 2 mg 

of solid urease (type VII from Sigma), 10 ,ul of 
BSA (bovine serum albumin solution, 10 mg in 
500 ~1 of phosphate buffer 0.02 M, pH 7.0) and 5 
~1 of glutaraldehyde solution (2.5%). The mixture 
was mixed carefully and allowed to dry for l-2 h. 
Then the electrode was left in stirred glycine 
solution (0.5 M) for 30 min; during this period the 
free aldehyde groups react with the amino group 
of glycine [l 11. The electrode was found to be 
stable for several months if kept dry in a refriger- 
ator. When the sensor was fixed in the flow cell or 
in the wall-jet cell an additional membrane of 
cellulose acetate was mounted and fixed with an 
O-ring in order to protect all the layers and push 
them against the graphite sensor. 

23.4. Ultrujiltrutr sumplrs 

Samples were obtained by ultrafiltration of hep- 
arinized (50 U ml ‘) bovine blood (adjusted to 
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Fig. 4. Successive calibration curves obtained with a continu- 
ous flow of ultrafiltrate during a 5 h period. Each calibration 
curve was recoreded every hour. Curve A was measured at the 
start of the experiment, curve B after I h of continuous flow of 
ultrafiltrate, curve C after 2 h, etc. The slopes are reported in 
Table I. 
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Table 1 
Voltages (mV) and slopes (mV) of the calibration curves recorded each hour at concentration values of 1, IO and 100 mmol 1- ’ (see 
Fig. 4) 

Concentration A 

(mM) 
B c D E 

Voltage Slope Voltage Slope Voltage Slope Voltage Slope Voltage Slope 

1 83 24 74 25 63 26 57 22 46 23 
IO 107 35 99 32 89 36 79 34 69 34 

100 141 - 131 125 113 103 

40% v/v for hematocrit value), through a filter 
cartridge with a surface of 0.07 rn’ (Cod. 621) and 
with a surface area of 1.3 m’ (Cod. N. BL627; 
commercially available from Sorin (Saluggia, 
Italy)). The hematocrit value was adjusted with 
phosphate buffer (sodium salts) in 0.1 M sodium 
chloride (about 250 ml of buffer per 1 1 blood). 
The hematocrit value was adjusted to simulate 
human values in order to obtain similar flowing 
conditions in the filter cartridge. The concentra- 
tion of urea in the ultrafiltrate was evaluated in 
the range l-2 mmol I ‘. 

3. Results and discussion 

Fig. 2 shows the calibration curve obtained in 
the flow system with standard solutions of urea 

100 UF 1OOSS 

Fig. 5. Calibration curves of urea standard solutions (I, IO and 
100 mM of urea) realised in buffer (without potassium ion) 
(SS) and in ultrafiltrate (UF) recorded with the FIA proce- 
dure. 

and ammonium in buffer phosphate. Different 
solid-state sensors (more than 20 sensors were 
tried) show nerstian behavior in the range I-100 
mM; they have E0 values which differ by up 
to + 200 mV for unknown reasons and this value 
can shift from day to day. However, the potential 
value is very stable for several hours and permits 
easy determination in flow systems. 

Fig. 3 reports the shift observed in an experi- 
ment where ultrafiltrate of constant urea concen- 
tration (obtained from heparinized bovine blood 
and adjusted to 40% v/v for the hematocrit value) 
flowed in the continuous mode. We can see how 
the signal shifted during the 40 nun of continuous 
flow and that the signals obtained with two stan- 
dard solutions (10 and 100 mM) of urea were 
shifted in the same period by about 25 mV. 

Fig. 4 gives several calibration curves obtained 
in continuous flow in another experiment during a 
5 h period, showing a continuous shift, while the 
slope was maintained almost constant. The slopes 
of the curves are given in Table 1. 

Fig. 6. Continuous recording over a 5 h period of calibration 
curves of standard solutions (SS) and ultrafiltrate spiked with 
a standard urea concentration (UF). UF 10, UF 30 and UF 
100 are the signals obtained from ulttafiltrate spiked with 10, 
30 and 100 mM urea respectively. IO Urea and 100 Urea are 
the signals obtained with standard solutions of 10 urea and 
100 nM respectively. 
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After assembling a FIA system (sampling valve 
50 ~1) we obtained the results reported in Fig. 5 
with standard solutions in phosphate buffer and 
prepared in ulttrafiltrate. Fig. 6 shows results 
obtained over a long period (5 h) with consecutive 
injections of sampling probe standard solutions of 
urea, ultrafiltrate and ultrafiltrate with added urea 
in suitable concentrations (IO, 30, 100 mmol 1 - ‘), 
simulating the concentration values obtained dur- 
ing a real dialysis process. The baseline obtained 
in the last experiment is very stable and the 
sensitivity of the probe is not impaired by contact 
with the ultrafiltrate and the long duration of the 
experiment. Therefore we can conclude that this 
sensor preparation and this analytical procedure 
are very suitable for the continuous monitoring of 
urea in such applications. 

In Figs. 5 and 6 it can be seen that in the low 
range of urea concentrations the peaks obtained 
in ultrafiltrate are higher than the same urea 
concentrations in buffer. This result was expected 
and is due to the well-known interference of 
potassium ions at the nonactin-based ammonium 
sensors. However, the low range of urea is the 
least important part of the calibration curve for 
clinical purposes. 

The drift observed in the continuous flow ex- 
periment (Figs. 3 and 4) can be ascribed to the 
lipophilic nature of the ultrafiltrate which proba- 
bly extracts the constituents of the PVC mem- 
brane (ionophore or softener) from it. This was 
reported with other ISEs with neutral carriers 
when in contact with blood or proteinaceous 
fluids [12]. However, the FIA procedure elimi- 
nates the problem, at least for up to 5 h. It is 
logical that the small period of contact between 
the ultrafiltrate and the sensor membrane permits 
one to obtain a very reproducible signal, but does 

not alter the composition and structure of the 
membrane. We think that this approach solves the 
problem of continuous monitoring of urea during 
the dialysis treatment with a cheap, disposable 
and easily fabricated sensor. For mass production 
the sensor can even be printed in a printing 
process (preliminary experiments in this labora- 
tory proved it to be feasible) and therefore it can 
be considered to be a real disposable sensor. 
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Abstract 

This paper describes alternative measurement and data-processing approaches that can reduce effects of experimen- 
tal variables on results obtained with a membrane-based sensor for oxygen. In the new approaches, the membrane- 
based sensor is first equilibrated with the sample solution. after which a polarizing voltage is applied and current vs. 
time data are recorded as the response decays toward a steady-state condition. Current vs. time data are then 
processed by a fixed-time option and an integration option designed to determine the charge corresponding to the 
total amount of oxygen inside the membrane when a polarizing voltage is applied. The current measured at a fixed 
time and the total charge varied linearly with oxygen concentration between 0.05 and 0.26 mmol 1-l. Pooled relative 
standard deviations (N = 35) for the measurement/data-processing step were near 0.4% for the new pre-equilibrium 
options compared to a value of 0.3% for the steady-state option. Dependencies of the pre-equilibrium options on 
membrane thickness and stirring rate in the most sensitive regions were at least two orders of magnitude smaller than 
for the steady-state option. 

Kq~orks: Amperometric oxygen sensor; Data-processing method; Membrane-based sensors; Ruggedness 

1. Introduction 

Membrane-based devices are used for a variety 
of selective measurements in analytical chemistry 
[l-5]. One very popular membrane-based detec- 
tor system is the so-called oxygen electrode which 

* Corresponding author. 
’ Present address: Diametrics Medical, Inc., 1658 Patton 

Road. Roseville. MN 55113. USA. 

involves an amperometric electrode isolated from 
the sample solution by a membrane that is selec- 
tive for small molecules, including oxygen [1,6]. 
Like most such devices, this one is usually used in 
the steady-state mode. It has been shown that 
results obtained with the “oxygen electrode” used 
in the steady-state mode are very sensitive to 
changes in stirring rates and properties of the 
membrane such as thickness and permeability [6- 
8]. Accordingly, to obtain reliable results by using 

0039.9140~96/$15,00 G 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01897-8 
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the steady-state mode, it is necessary to control 
variables within narrow tolerances. 

A general approach to resolving such problems 
is to make measurements that depend on equi- 
librium conditions rather than rate processes. One 
such approach evaluated for the “oxygen elec- 
trode” is to first pre-equilibrate the solution inside 
the membrane with each sample solution with no 
polarizing voltage applied and then to apply the 
polarizing voltage and measure the initial rate of 
change of the resulting current [6,7]. An alterna- 
tive approach is to use the same pre-equilibration 
procedure, then apply the polarization voltage, 
digitize and store current vs. time data, and use a 
curve-fitting procedure to extrapolate the tran- 
sient data to the current at time zero [8]. 

The present study was undertaken to evaluate 
other data-processing approaches that can be 
used to extract the desired information from the 
transient data resulting from the pre-equilibration 
approach. The rationale for this extended study is 
based on the belated realization that if the rate of 
the mass transfer process to and across the mem- 
brane is slow relative to the rate of equilibration 
of the measurement process inside the membrane, 
then virtually all features of the measured signal 
will be related to the bulk concentration of ana- 
lyte in the sample solution and independent of 
variables that affect the rates of mass transfer 
across the membrane. Two alternative data-pro- 
cessing approaches were used to test this hypothe- 
sis by using the membrane-based “oxygen 
electrode” as a model system. 

The simpler of the two approaches is an analog 
of the conventional fixed-time kinetic option [9- 
121: it involves measurement of the signal ampli- 
tude at a fixed point in time for each response. 
The more complex of the two approaches is a 
hybrid of the integration and predictive curve- 
fitting options [12-141; it involves integration of 
the time-dependent current and use of curve- 
fitting methods to extrapolate the resulting charge 
vs. time data to the value of charge at t = 0 (Q,) 
and as t + CC (Q,). These extrapolated values are 
used to compute the total charge (AQ, = QX - 
Q,) corresponding to electrolysis of all the analyte 
(oxygen) inside the membrane when a polarizing 
voltage is applied. 

The latter option was complicated by the facts 
that current-time responses included charging 
currents near zero time and did not decay to zero 
at longer times but rather to finite steady-state 
values. Two approaches similar to those described 
earlier [15] were used to extract the charge corre- 
sponding to analyte inside the membrane when a 
polarizing voltage was applied. One option in- 
volved integration of the unmodified signal in- 
cluding the component approaching steady state 
and use of a model for simultaneous zero-order 
and first-order processes [ 161 to extract the desired 
component of the charge. The other approach 
involved subtraction of the steady-state current 
from all time-dependent currents before integra- 
tion of the transient response; this is called the 
background-correction option herein. 

2. Experimental 

The same data reported in an earlier paper [8] 
were used for this study. Accordingly, an abbrevi- 
ated procedure is presented here. 

Samples were prepared by adding aliquots of 
an air-saturated solution (~0.26 mmol 1-l oxy- 
gen) to a fixed volume of deaerated water. For 
linearity and reproducibility studies, five runs 
were made at each of eight different oxygen con- 
centrations between 0 and 0.26 mmol 1-l. For 
studies of effects of variables, five runs were made 
at each of three different membrane thicknesses 
and four different stirring rates at a fixed oxygen 
concentration (0.26 mmol 1~ ‘). 

The “oxygen electrode” was equilibrated with 
each test solution by immersion in the solution for 
30 s before the polarizing voltage was applied. 
When the polarizing voltage was applied, 250 
data points were collected at intervals of 0.0006 s 
per point for the first 100 points and 0.027 s per 
point for the last 150 points. 

For the fixed-time approach, current amplitude 
was measured at the same time after the polariz- 
ing voltage was applied for each sample. Fixed- 
time measurements were taken near the peak (0.17 
s), on the steep part of the decay curve (1.2 s) and 
in the region approaching steady state where the 
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rate of change of signal was sufficiently small that 
timing errors would not have unusually large 
effects (3.92 s, the average of ten data points 
between 3.75 and 4.1 s). For the integration op- 
tion without background subtraction, unmodified 
current vs. time data were integrated between 0.33 
and 4.1 s and a model for simultaneous zero-order 
and first-order processes [ 161 was fit to the data to 
resolve the charges resulting from the transient 
and steady-state components. For the integration 
option with background subtraction, the average 
of the last ten data points (3.75-4.1 s) was sub- 
tracted from each signal value and the resulting 
data between 0.33 and 4.1 s were integrated. A 
first-order model [14] was then fit to charge vs. 
time data to extrapolate to t = 0 and t -+ x. 

3. Results and discussion 

Unless stated otherwise, random uncertainties 
are reported at the level of one standard deviation 
based on five runs per sample. 

3.1. Response curues 

Fig. 1 shows typical plots of current vs. time 
without (plot a) and with (plot b) background 
correction. Zero time corresponds to the point at 
which the polarizing voltage was applied. The 
initial rise represents charging current and the 
gradual decrease after the peak is caused by deple- 
tion of oxygen inside the membrane at a rate 
faster than it is replaced by mass transfer across 
the membrane. 

It is apparent from the plots that the currents 
did not reach true steady-state values during the 4 
s measurement period. Accordingly, use of cur- 
rents from the latter parts of these responses for 
background correction tend to overcompensate 
for the steady-state current. 

Fig. 2 includes charge vs. time data without and 
with background correction. The open circles in 
the upper plot (without background correction) 
represent experimental data and the solid curve 
through the points represents a fit of a model for 
simultaneous zero- and first-order processes to the 

b 

- --I 0 1 2 4 5 

Time (5) 

Fig. 1. Current vs. time response after pre-equilibrium with 
air-saturated solution (0.26 mmol I-’ 0:) without (a) and with 
(b) background correction. 

data. The curvature reflects the decaying current 
after the polarizing voltage is applied and the 
nearly linear extension at longer times represents 
the approach to steady state. Clearly, the model 
for combined zero- and first-order processes fits 
the data very well. The lower plots (curves b and 
c) represent the first-order component of the 
charge vs. time data obtained by the fitting pro- 
cess. The open triangles represent the first-order 
component from the fit of the model for com- 
bined zero- and first-order processes to data with- 
out background correction and the open squares 
represent charge vs. time data obtained from 
background-corrected data (plot b in Fig. 1). The 

3.0 r--------‘1 

2.0 - 

G 
t 

$l.O- 
2 
0 

0.0 - 

Time (s) 

Fig. 3. Integrated response curve for air-saturated solution 
without (So . A) and with (0) background subtraction. Exper- 
imental data ( -1, 3); fitted data (-). First-order component 
from model for combined zero- and first-order models (0). 



1382 S. William et al. T&mu 33 (1996) 1379-1385 

Table 1 
Linear least-squares results and pooled standard deviations for selected options 

Option Slope (SD) Intercept Estimated standard Correlation Pooled 
(NA mmol-’ I-” slope (SD) /slope coefficient RSD (%) b 
NC mmol-’ I-‘) d (10-j flmol I-‘) (pm01 I-‘) 

Steady state [I 71 0.714 (0.01) -5.6 (2.5) 6.3 0.998 0.3 * 
Predicted Ia [S] 28.6 (0.9) 24 (4.5) 0.015 0.98 2.7 e 
Fixed time c 0.92 (0.02) 6.9 (4.3) 0.013 0.988 0.4 r 
Integration 

with background correction 12.8 (0.31) 5.5 (4.0) 0.01 I 0.99 0.4 g 
without background correction 9.9 (0.24) 4.5 (3.8) 0.01 I 0.99 0.4 0 

a /IA mmol-’ I-’ for current-based options; /itC mmol- ’ I-’ for charge-based options. 
’ Seven groups of five runs each. c Measured at 3.92 s. 
’ ’ Average signals: ’ 0.192 PA: ' 2.55 /iA: ’ 0.338 PA; e I .38 /IC; ’ I .42 UC. 

solid curve is a fit of a first-order model to the 
latter data. The darker area near zero time repre- 
sents the higher data rate at shorter times. This is 
the difference between the change at t = 0 and 
t-+x (A&= Q, - Q,) that is used to quantify 
oxygen concentration. 

The negative values of extrapolated charges in 
Fig. 2 merit comment. Because the integration 
process was begun at 0.3 s, the apparent charge at 
that point is zero. Accordingly, extrapolation to 
t = 0 is expected to give negative values. It is the 
total difference between values at t = 0 and t 4 x 
that is used to quantify oxygen concentration. 

3.2. Linearit? 

Each of the three data-processing options 
yielded linear plots of the measurement objective 
(current at fixed time or extrapolated charge) vs. 
concentration. Results for linear least-squares fits 
of measurement objectives vs. concentration are 
given in Table 1. In each case, intercepts and 
standard errors of the estimates are divided by 
slopes to normalize results to concentration units 
for easy comparison. Intercepts are similar for the 
two integration options and about five-fold 
smaller than for the fixed-time option. Standard 
errors of the estimates and correlation coefficients 
are about the same for all three options. 

Fixed-time results were also obtained near the 
peak (0.17 s) and on the steep portion of the 
decay curve (1.2 s). In each case, calibration plots 

were linear. Slopes for the three measurement 
times (0.17, 1.2 and 3.92 s) were 16.8, 3.5 and 0.92 
,uA mmol ’ 1 - ’ respectively; intercepts were 0.02, 
-0.009 and 0.004 mmol 1~’ respectively; stan- 
dard errors of the estimates were 0.015, 0.009 and 
0.0 1 ,U A respectively; and correlation coefficients 
were 0.964. 0.986 and 0.988 respectively. All 
statistics were slightly improved for the two mea- 
surements at longer times after the peak than at 
the peak. 

If the time-dependent data behaved ideally, 
then we would expect the same results from both 
integration options. However, this is not the case; 
data without background correction do not fol- 
low combined zero-order/first-order behavior ex- 
actly and data with background correction do not 
follow first-order behavior exactly. Accordingly, 
identical results are not expected or obtained for 
the two integration options. This is reflected pri- 
marily by the different slopes in Table 1. 

3.3. Imprecisiori 

The uncertainty associated with sample prepa- 
ration and handling is much larger than that 
associated with the measurement and data-pro- 
cessing steps. Because our primary focus was on 
features of different measurement/data-processing 
options, imprecision is reported here for repeat 
runs on air-saturated samples. For seven data sets 
of five runs each on air-saturated samples (0.26 
mmol lP ’ oxygen), pooled standard deviations for 
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the fixed-time option, and the integration option 
without and with background correction were 
0.0012 ,uA, 0.0042 ,uC and 0.0044 ,uC respectively, 
corresponding to relative standard deviations 
(RSDs) of 0.34%, 0.30% and 0.31% respectively. 
For the same data sets, pooled RSDs for the 
steady-state option and the predicted signal at 
t = 0 [8] were 0.2% and 2.6% respectively. The 
imprecisions for the three options included in this 
study are only slightly degraded relative to the 
steady-state option and are almost IO-fold less 
than that for the extrapolation option described 
earlier [8]. 

3.4. Variable dependencies 

The principal advantage expected for the op- 
tions described herein is low sensitivity to changes 
in experimental variables. Results in Figs. 3A and 
3B illustrate effects of membrane thickness and 
stirring rate on the three new options described 
herein along with results obtained with the con- 
ventional steady-state option. All results are nor- 
malized to the value at one extreme of the range 
of variables studied to facilitate comparisons. 
Whereas results obtained with each of the three 
pre-equilibrium options are virtually independent 
of both membrane thickness and stirring rate 
throughout the ranges examined, steady-state re- 
sults decrease by about 50% when the membrane 
thickness is increased three-fold and increase by 
about 25% from no stirring to a moderate level of 
stirring. 

These sensitivities to membrane thickness and 
stirring rate can be quantified by using error 
coefficients (ECs), defined as the change in con- 
centration per unit change in the variable of inter- 
est. ECs for the different options computed as 
described earlier (Eq. (2) in Ref. [8]) are summa- 
rized in the first two data columns of Table 2. 

Ratios of ECs for the steady-state option di- 
vided by values for the other options (ECJEC,,,) 
are included as the last two columns in the Table. 
In the most sensitive regions, the pre-equilibrium 
options are all at least two orders of magnitude 
more rugged than the steady-state option. Im- 
provement factors approach unity at greater 
membrane thicknesses and higher stirring rates. 

4. Conclusions 

With the exception of the procedure involving 
extrapolation of current to zero time, the preci- 
sion of the pre-equilibrium procedures is similar 
to that of the steady-state approach. Accordingly, 
it is possible to exploit the improved ruggedness 
of the pre-equilibrium approaches described 
herein without sacrificing precision. 

The different pre-equilibrium options evaluated 
in this and the previous study [8] have similar 
degrees of ruggedness for the conditions studied. 
However, it is important to note that there are 
some fundamental differences among them. The 
initial-rate option described earlier [6,7] and the 

(a) 

Wring Rate (arbitrary units) 

I m 1 

I 1 I 

25 50 75 

Membrane Thickness ( pm) 

(b) 
Fig. 3. Effects of membrane thickness (A) and stirring rate (B) 
on results from five diKerent data-processing options. Options 
(both frames): steady state ( 0); fixed time (+ ); integrated 
signal without (0) and with (C) background subtraction; and 
extrapolated signal at zero time [18] (0). 
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ECs for ditferent measurement/data-processing options 

Option ECs 

Thickness a 
(mm01 I- ’ jtrn-‘) 

Stirring rate ’ 
(mm01 I-’ au-‘) 

Ratio of ECs’ 

Thickness Stirring rate 

Steady state 
Integration 

without background correction 
with background correction 

Fixed time 

-0.1 0.08 1 .o I.0 

- 0.00036 0.0009 280 90 
~0.0003 0.0008 330 96 
~0.00005 -0.00015 2000 530 

a 25 -50 {lrn. 
h O- 1 arbitrary units (au). 
’ Ratio of steady-state value to other values; reflects improved ruggedness. 

fixed-time option reported herein both replace one 
group of kinetic processes with another, and con- 
sequently can be expected to depend on variables 
such as temperature that could affect these pro- 
cesses. The procedure involving extrapolation to 
the current at zero time [8] should, in principle, 
eliminate kinetic aspects of mass-transfer pro- 
cesses but is expected to depend upon variables 
that affect electrode kinetics. Moreover, that ap- 
proach is complicated by the charging current 
when a polarizing voltage is applied and is subject 
to large uncertainties associated with extrapolated 
intercepts. Because the integration options pro- 
duce a charge corresponding to the total amount 
of analyte in the fixed volume inside the mem- 
brane, they have the best chance of eliminating 
effects of all kinetic processes so long s the rate of 
the electrolysis process inside the membrane is 
sufficiently fast relative to the rates of mass trans- 
fer to and across the membrane. In this regard, 
this approach probably will be most effective with 
thick membranes and little or no stirring. 

The principles illustrated here for the “oxygen 
electrode” should be applicable to other mem- 
brane-based “sensors” such as an amperometric 
sensor for carbon monoxide [5] and other gases 
[ 181. These principles should also be applicable to 
other types of applications of membranes such as 
those cited earlier [I -41 as well as to separations 
or preconcentrations based on combinations of 
membranes with flow systems [19]. Furthermore, 

whereas it was convenient to use a pre-equilibrium 
procedure in this example, this is just one option 
for the general concept. In the most general sense, 
the primary goal is to obtain an equilibrium-based 
result. If it is not feasible to establish an equi- 
librium condition experimentally, then another 
option is to extrapolate transient responses to 
equilibrium values [14]. For example, an alterna- 
tive approach with the “oxygen electrode” would 
be to completely deplete the analyte inside the 
membrane and then to follow the approach to 
equilibrium as the concentration of oxygen inside 
the membrane approaches that in the sample solu- 
tion. This would require an intermittent measure- 
ment approach that would minimize depletion of 
oxygen concentration inside the membrane. 
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Talanta 

Electrocatalytic modified electrode for remote monitoring of 
hydrazines 

Joseph Wang”, Qiang Chen, Gemma Cepria’ 

- 

Abstract 

A remote electrochemical sensor for field monitoring of hydrazine compounds is described. The new submersible 
probe relies on the coupling of an effective electrocatalytic modified electrode to a 50 ft long shielded cable. The 
catalytic surface. based on an electorpolymerized film of 3.4-dihydroxybenzaldehyde. offers low-potential detection of 
hydrazine compounds. Such catalytic activity results in high sensitivity and selectivity. and hence offers convenient 
measurements of micromolar hydrazine concentrations in untreated groundwater. river water or lake water samples. 
Coexisting sample constituents do not contrubute to the response. Operational conditions have been optimized to 
meet the spacific requirements of remote operation. The concept seems suited for the remote monitoring of other 
contaminants via the judicious choice of the surface modifier. 

K~J~NYw~Ls: 3,4-Dihydroxybenzaldehyde: Electrocatalytic modified electrode: Field monitoring: Hydrazines 

1. Introduction 

Because of the toxicological significance of hy- 
drazine compounds, a reliable method is required 
for their environmental and industrial monitoring. 
Continuous measurement of hydrazines, affected 
in the natural media, is preferable, since it affords 
the option of an in-situ warning system and 
avoids the errors and delays inherent in labora- 
tory-based analyses. Controlled-potential electro- 
chemical techniques, particularly those relying on 
electrocatalytic modified electrodes, have been de- 

veloped for the detection of hydrazine compounds 
[I --41. The adaptation of these schemes for field 
measurements of hydrazines is thus a logical ex- 
tension of their capabilities. 

In this paper we describe a remote modified 
electode for in-situ monitoring of hydrazine con- 
taminants. The new remote sensor (Fig. 1) couples 
the strong electrocatalytic action of electropoly- 
merized films of 3.4-dihydroxybenzaldehyde (3,4- 
DHB) [5] towards hydrazine compounds [2] with 
the attractive features of our new remote electrode 
configuration [6,7]. Such a configuration was em- 
ployed recently for stripping-based monitoring of 
toxic metals [6,7]. While such stripping work has 
relied on the use of a bare gold fiber electrode, the 
present sensor employs, for the first time, an 

* Correaponding author. 

’ Permanent address: Faculty ol‘ Sciences. University of 
Zaragoza. 50.009 Zaragoza. Span. 
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shielded cable 

Fig. I. Schematic diagram of the remote electrochemical sensor for monitoring hydrarinea. The right-hand displays 
alytlc action of the polymer-modified working electrode. 

PVC tubing -1 

/ 

/ 
/ 

/ 

/’ 
/ 

/’ 

I 

/ 

// 
/ 

I 

e,cnrooc 
T 

\ e-c 
- palymcr 

envlronmcnt-sealed- 
connedors 

I /’ 

I I / 
PVC type housing - 

// 

glassy carbon I 
-.--.-->- 

threaded portion of - 
PVC type housing 

2-3 
q”i”O”c hydroq”i”onc 

i c 

electrocatalytic modified electrode for facilitating 
the detection of contaminants. The electrocata- 
lytic considerations are thus coupled with the 
requirements for remote operation. including 
large instrumenttsample distances, sealed electri- 
cal contacts. a rugged and compact electrode as- 
sembly and the ability for rapid maintenance. 
Although the new concept of remote modified 
electrodes is presented within the framework of 
hydrazine sensing. it could be extended to other 
relevant polllutants (via a judicicus choice of the 
modifier). The challenges. obstacles and solutions 
for a submersible operation of catalytic electrodes 
in untreated water samples are explored below 
in connection with our novel remote electrode 
assembly. 

2. Experimental 

2.1. Apparutus 

Chronoamperometric and voltammetric experi- 
ments were performed with the BAS Model CV- 
27 voltammetric analyzer (Bioanalytical Systems, 
West Lafayette, IN), in connection with a BAS 
X- Y-t recorder. Experiments were performed in 
a 40 ml plastic (PVC) beaker. A schematic dia- 
gram of the remote modified electrode is shown in 

the electrocat- 

Fig. 1. The probe design is similar to that of our 
previously reported remote metal sensor [5,6], 
with the exception that a modified glassy carbon 
electrode (3 mm diameter, Model MF-2012) re- 
places the gold fiber. The working electrode is cut 
to a 2.5 cm length for compatibility with the 
PVC-based sensor tip. The electrode assembly, 
housed in a PVC housing tube, was connected to 
the 50 ft long shielded cable via a three-pin envi- 
ronmentally-sealed rubber connector. A Ag/AgCl 
electrode (BAS, Model RE-4) served as reference. 
Details of the probe design are given in Refs. [6] 
and [7]. 

The glassy carbon was first polished with a 0.25 
pm alumina slurry, and then thoroughly rinsed 
with double-distilled water. Subsequently, the sur- 
face was activated for 5 min in a 1 M NaOH 
solution, while holding the potential at + 1.2 V. 
The electrode was then treated for an additional 5 
min by scanning the potential between - 0.2 and 
+ 1.0 V while dipping in a phosphate buffer solu- 
tion. The activated electrode was subsequently 
modified by immersion in a 1 mM 3,4 DBH/phos- 
phate buffer solution while holding the potential 
at + 3.0 V for 3 min. Subsequently, the surface 
was rinsed with the buffer solution. 
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2.3. Reagents and procedure 

All solutions were prepared with deionized wa- 
ter. Hydrazine sulfate was obtained from J.T. 
Baker (Phillipsburg, NJ), while 1,2-dimethylhy- 
drazine dihydrochloride, methylhydrazine, and 
3,4-DBH were purchased from Aldrich. Caution: 
in view of their toxicity, special attention is re- 
quired in the handling of hydrazine compounds. The 
river water and lake water samples were collected 
from the Rio Grande river (at Las Cruces, NM) 
and Lake Ontario (at Rochester, NY). The 
groundwater sample was obtained at the Hanford 
Site (Richland, WA). 

Chronoamperometric and cyclic-voltammetric 
experiments were conducted at room temperature, 
while placing the sample z 50 ft from the voltam- 
metric analyzer. The chronoamperometric experi- 
ments relied upon stepping the potential from 
open circuit to + 0.2 V: the steady-state current 
(after z 45 s) was used for the quantitation. 

3. Results and discussion 

The use of the 3,4-DHB-coated remote elec- 
trode for the mediated detection of hydrazine 
compounds in natural water samples is illustrated 
in Fig. 2b. This figure shows typical cyclic voltam- 
mograms for hydrazine (A), methylhydrazine (B) 
and dimethylhydrazine (C) in an untreated 
groundwater sample. The 3,4-DBH-modified elec- 
trode displays a well-behaved redox process 
(EO = + 0.15 V) in the unspiked natural water 
sample (a). Such peaks are attributed to the redox 
reaction of the surface-confined quinone moiety. 
A similar response was observed in a phosphate 
buffer blank solution, indicating that none of the 
groundwater sample constituents is contributing 
to the response. A substantial increase of the 
anodic peak, characteristic of an electrocatalytic 
process, is observed upon addtion of the different 
hydrazine compounds. Consistent with a strong 
catalytic action, no current is observed upon scan- 
ning in the cathodic direction. As will be illus- 
trated below, such a defined low-potential 
catalytic response greatly faciltates the direct 
monitoring of hydrazine compounds at large in- 

,/’ 

Fig, 2. Cyclic voltammograms for 1 x IO ’ M hydrazine 
(A:b). methylhydrazine (B;b) and dinethylhydrazine (C;b) in 
groundaater. along with the corresponding blank groundwa- 
ter response (A--C;a). Scan rate: 100 mV s ‘. 

strumentjsample distances. The challenges of such 
measurements in untreated samples are explored 
below. 

The quantitation of hydrazine compounds at 
the remote sensor is best carried out using the 
chronoamperometric operation mode. Fig. 3A 
displays chronoamperograms for successive 5 x 
10 ~ 6 M increments in the hydrazine concentra- 

TIME (min) 

Fig. 3. (A) Chronoamperometric response of the remote elec- 
trode to successive 5 x 10 6 M increments in the hydrazine 
concentration (a-o). Also shown is the corresponding back- 
ground response (blk) and the resulting calibration plot (B). 
Potential step to + 0.2 V; phosphate buffer solution (0.05 M, 
pH 7.4). 
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Fig. 4. Etkct of the solution pH (A). buffer concentration (B), 
and measurement potential (C) upon the response to 8 x IO h 
M hydrazme. Other conditions as in Fig. 3. 

tion (a-o). The remote electrode offers convenient 
quantitation of these micromolar concentrations. 
The current decays rapidly (20 s) to a steady-state 
value. The latter depends upon the analyte con- 
centration over the entire (5-80 /lM) concentra- 
tion range examined. Linearity prevails over the 
5-40 ,LIM range (slope: 1.56 nA /tM ‘: correla- 
tion coefficient: 0.998); a slight curvature is ob- 
served for higher levels. 

The adaptation of modified electrodes for in- 
situ monitoring poses several challenges. Unlike 
laboratory-based sensing applications, where the 
solution conditions can be adjusted for optimal 
performance, submersible probes rely on the use 
of the natural conditions (i.e. untreated samples). 
Fig. 4 examines the influence of solution vari- 
ables. relevant to field operation. The catalytic 
response is nearly independent of the pH over a 
broad range (between 7 and 11). A sharp decrease 
of the signal is observed in acidic solutions, with 
disappearance of the response below pH 5 (A). 
Such a profile reduces the applicability of the 
probe. Yet. as will be illustrated below, the probe 
operates well in numerous relevant natural water 
matrices (of sufhciently high pH. i.e. above 6). 
Programmable pH compensation, common with 
various water profilers. may be useful for address- 
ing the pH dependence between 5 and 7. Field 

calibrations, using the target sample [6], should 
also be useful for this task. Unlike its pH profile, 
the hydrazine sensor displays a very broad ionic- 
strength independence (B). Less than 20% signal 
changes are observed for buffer concentrations 
ranging from 10 ~~ 6 to 10 - ’ M. 

Fig. 4C displays the dependence of the hy- 
drazine response upon the operating potential. 
The anodic detection of the hydroquinone form of 
the catalyst (i.e. the product of the catalytic reac- 
tion) starts at + 0.1 V; the response rises sharply 
up to + 0.3 V and levels off at higher potentials. 
Potential steps to + 0.2 V were employed in all 
subsequent work, as a compromise between sensi- 
tivity and selectivity. Such an operational poten- 
tial minimizes possible contributions from 
coexisting electroacitve constituents. 

The remote modified electrode displays a re- 
markably stable response. The long-term stability, 
shown in Fig. 5. was monitored by measuring the 
chronoamperometric steady-state current for 1 x 
10 ’ M hydrazine (in a river water sample) over 
a 10 day period using the same electrode surface. 
The coated electrode functioned in a normal fash- 
ion throughout. While a slight (about 10%) de- 
crease in the response was observed over the first 
5 h, the catalytic activity remained constant there- 
after. A relative standard deviation of 3.0% was 
calculated for this prolonged series of experi- 
ments. Another shorter (5 h) experiment, involv- 
ing repetitive measurements of 5 x 10 - ’ M 
dimethylhydrazine in a river water sample, yielded 
a highly stable response (with a relative standard 
deviation of 3.7%; n = 30). Such behaviour is 
consistent with the high stability of redox-active 

Fig. 5. Stability of the response of the remote electrode to 
I x IO- ’ M hydrazine in an untreated river sample. Potential 
step to fO.2 V. 
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3,4-DHB electropolymerized films [5]. The electro- 
preparation approach also assures good control of 
the surface coverage and thus reproducibility be- 
tween different surfaces. 

The performance of the sensor in untreated 
natural water samples is demonstrated in Fig. 6. 
This Figure demonstrates the chronoamperetric 
response of the submersible probe to groundwater 
(A) and lake water (B) samples with increasing 
levels of hydrazine and dimethylhydrazine respec- 
tively (a-j). This probe responds to these 2 x 
10 -’ M concentration changes. Detection limits 
of around 5 x 10 -- ’ M can thus be estimated for 
both compounds (S/N = 3). Notice also the negli- 
gible response of the unspiked sample (ampero- 
gram s), indicating the absence of electroactive 
interferences (at low potential accrued form the 
catalytic action). A nearly linear response is ob- 
served for both compounds. Such response char- 
acteristics (including the sensitivity) are similar to 
those observed in “synthetic” samples (e.g. Fig. 2). 
reflecting the minimal matrix effects (including pH 
ones). Similar response characteristics were ob- 
served for all three hydrazine compounds in these 
lake water and groundwater samples (not shown). 

4. Conclusion 

In conclusion this paper demonstrates that hy- 
drazine compounds can be monitored at large 
sample/instrument distances by coupling the sur- 
face modification technology with our recently 
developed submersible probe design. The remote 
monitoring capablility is coupled to a sensitive, 
selective and reversible response. While the new 
concept of a remote modified electrode is pre- 
sented within the context of hydrazine detection, it 
could be extended to other relevant contaminants 
(via a judicious choice of the modifier). The rich 
and diverse chemistry-accrued from the deliber- 
ate tailoring of electrode surfaces-should greatly 
benefit the remote monitoring of pollutants, and 
environmental electrocatalytic in general. Work in 
this laboratory is thus progressing towards the 
development and testing of new remote probes 
based on electrocatalytic and preconcentration 
surfaces. 
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Talanta 

Phase inversion cellulose acetate membranes for suppression of 
protein interferences in anodic stripping voltammetry 

2l. Improvement of the membrane preparation procedure 

Abstract 

Phase inversion (Pl) cellulose acetate membranes were cast on glassy carbon electrodes from a solution containing 
acetone as solvent and aqueous magnesium perchlorate as pore former. It is shown that a significant improvement of 
the reproducibility and permselective properties of the membrane is obtained by allowing complete evaporation of the 
solvent in a controlled humidity environment before the membrane is gelated. By using cadmium and lead as test 
analytes and differential pulse anodic stripping voltammetry as the detection method. it was found that the 
modification of the electrode greatly reduces the interference from albumin, lysozyme, gelatin and polyethylene glycol 
(MW 6000). The permselectivity of the PI membrane can be controlled by varying the amount of magnesium 
perchlorate in the casting solution and the relative humidity during the pre-gelation conditioning of the membrane. 

Kqwwrl.s: Anodic stripping vnltammetry; Phase inversion cellulose acetate membranes; Protein interferences 

1. Introduction 

One of the most serious limitations of the appli- 
cability of electroanalytical methods is fouling of 
the electrode surface due to adsorption of macro- 
molecular constituents of the sample [l]. Usually, 
the symptom of this interference is a gradual 
decrease in the response towards the analyte [2], 
which introduces accuracy risks and necessitates 
frequent regeneration of the electrodes. Recent 

* Corresponding author. 

’ For Purt I see Ref. [‘I] 

research (reviewed in Refs. [335]) has shown that 
coating the electrode surface with a permselective 
membrane is one of the most promising strategies 
for suppressing or eliminating adsorption interfer- 
ences. However, the design of such membranes is 
not trivial because a compromise must be sought 
between protection of the electrode and the in- 
evitable loss of sensitivity caused by the diffusional 
resistance of the membrane. The protective mem- 
branes should be as thin as possible, and this 
favours an approach in which the membrane is cast 
in situ on the electrode surface because the mem- 
brane need not be mechanically self-supporting. 

0039-9140’96 $15.00 c 1996 Elsevier Science B.V. 411 rights reserved 
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Cellulose acetate (CA) has proven to be one of 
the most useful materials for the preparation of 
protective membranes on electrodes. In particular. 
Wang and co-workers [6-91 have demonstrated 
that in-situ-formed CA membranes are useful for 
suppression of adsorption interferences and selec- 
tive detection of low molecular weight species. In 
their work, the permselectivity of the CA coating 
is controlled by base hydrolysis. However, this 
approach also has disadvantages because the 
polymer backbone is partly broken down by the 
treatment, and poor stability and reproducibility 
of the resulting modified electrodes has been re- 
ported [lo]. The phase inversion (PI) method for 
preparation of permselective CA membranes has 
been widely used for the manufacture of reverse 
osmosis, ultrafiltration and dialysis membranes 
for more than 30 years [l I.121 but the potential of 
this technology for coating electrodes with protec- 
tive membranes has only recently been explored 
by Kuhn and co-workers [13,14] and by us [15]. In 
the wet PI method, the permselectivity of the CA 
membrane is controlled by adding a pore former 
or swelling agent to the casting solution [ 121. 
After evaporation of the solvent, the polymer is 
precipitated by immersion in a non-solvent gela- 
tion bath. The formation of the membrane struc- 
ture takes place during this step, and anisotropic 
membranes with a dense skin layer and a more 
porous sublayer are generally obtained [ 121. 

We have previously shown [15] that CA mem- 
branes prepared by the PI method give better 
protection against interference from albumin in 
anodic stripping voltammetry (ASV) than those 
prepared by the base hydrolysis method. Equally 
importantly, the permeability characteristics of the 
PI membranes are more reproducible. Most likely, 
these differences can be ascribed to the fact that 
the PI method does not involve any degra-dation 
of the membrane polymer. The PI membranes 
were cast from the “classical” four-component 
system of Loeb and Sourirajan [I l] in which 
acetone serves as solvent for CA and aqueous 
magnesium perchlorate is the pore former. 

In the present work, significant improvements 
in the preparation of the PI membranes are pre- 
sented which increase the permselectivity further 
and reduce the variation in the properties of 

individual membrane preparations. Also, the 
study of the capability of the membranes to sup- 
press adsorption interferences has been extended 
with more proteins as well as a surfactant. It is 
also shown that the permeability of the membrane 
can be controlled via the amount of pore former 
added to the casting solution and by varying the 
relative humidity during the pre-gelation drying 
step. 

2. Experimental 

2.1. Appurutus 

Voltammetric measurements were performed 
with a programmable electrochemical analyser 
[16]. 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 satu- 
rated calomel electrode (SCE), while the counter 
electrode was a glass-fitted platinum wire (1 cm 
long, 0.5 mm thick). 

The constant humidity environment needed for 
the pre-gelation drying of the PI membranes was 
established in 500 ml soft plastic bottles in which 
the air was in equilibrium with an aqueous solu- 
tion of lithium chloride. Each bottle contained the 
appropriate amount of the salt dissolved in 50 g 
of water. In this manner, a relative humidity from 
13% to 100% (ZS’C) can be obtained [17]. For 
example, the 21% relative humidity environment 
was established by dissolving 30.4 g lithium chlo- 
ride in 50 g of water. The electrode tip was 
inserted into the bottle through a hole cut in the 
side. 

Buffers and supporting electrolyte media were 
prepared from Merck Suprapur reagents and 
triply-distilled water, while other reagents were of 
analytical grade. The acetone was a special, dry 
grade (Merck, max. 0.01% (w/w) water). CA 
(39.8% acetyl content, MW 30000) was obtained 
from Aldrich. Bovine albumin (fraction V, essen- 
tially globulin-free, lyophilized, MW 66 000) and 



lysozyme (from chicken egg white, lyophilized. 
MW 15 000) were obtained from Sigma. A 0.1% 
(w/v) solution of the surface-active compounds 
was prepared daily. Unless stated otherwise, the 
composition of the casting solution for the PI 
membranes was: 20 g acetone. 0.250 ml 0.9 M Mg 
(ClO, )z in water and 0.05 g CA. The concentra- 
tion of CA in this solution is 0.25% (w/v). Note 
that magnesium perchlorate is extremely hydro- 
scopic, and therefore the actual concentration of 
solutions prepared by weighing out and dissolving 
the salt is uncertain and must be measured. The 
standard method for the determination of hard- 
ness of water by titration with EDTA was used 
for this purpose. 

2.3. Procedure for preparution c$‘modified 
electrodes 

Prior to coating, the glassy carbon electrode 
was polished with 0.25 pm 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 ~1 of the casting solu- 
tion to the glassy carbon surface while the elec- 
trode was spinning at 1500 rev min ‘. When the 
acetone had evaporated. the electrode tip was 
placed in a bottle with controlled humidity for 10 
min. The relative humidity was 21% unless stated 
otherwise. Hereafter, the electrode was quickly 
withdrawn from the bottle and immersed in an 
ice-water gelation bath (0°C) for 30 min. This 
transfer was done in less than 1 s. Unless stated 
otherwise, mercury was deposited on the glassy 
carbon/CA substrate by electrolysis for 10 min 
at - 1 V vs. SCE in deaerated acetate buffer 
spiked with 2.5 x 10 ~’ M mercury(II). A conven- 
tional thin mercury film electrode (TMFE) was 
prepared in the same manner, but minus the 
polymer coating. In the following, a TMFE 
coated with CA by the PI process is abbreviated 
as PI-TMFE. 

2.4. Procedure jbr dQferentia1 pulse (DP) ASL’ 
measurements 

All measurements were performed in 0.1 M 
acetate buffer spiked with 2.0 x lo-’ M Cd(I1) 

and 2.0 x 10 ~’ M Pb(I1). Solutions were deaer- 
ated with argon for 5 min prior to DPASV mea- 
surements. The working electrode was rotated at 
750 rev min-’ during deposition, while stripping 
was carried out in a quiescent solution following a 
15 s rest period. The stripping signals were 
recorded in differential pulse mode with the fol- 
lowing instrumental settings: deposition poten- 
tial, ~ 1000 mV vs. SCE; deposition time, 2 min; 
scan range, - 1000 to - 50 mV vs. SCE; pulse 
height, 50 mV; pulse width, 20 ms; sampling time, 
2 ms; pulse repetition time, 0.24 s; effective scan 
rate, 12.3 mV s ‘. Signals were smoothed with a 
seven-point Savitsky-Golay algorithm, and the 
background signal was corrected for by subtrac- 
tion of an interpolated linear baseline. A freshly 
prepared electrode was preconditioned by per- 
forming two deposition/stripping cycles in the ac- 
etate buffer. 

In the interference experiments, the surfactant 
concentration in the test solution was raised incre- 
mentally in the following sequence: 1, 2, 5, 10 and 
20 ppm. Two stripping measurements were car- 
ried out after each addition. In this manner, the 
dependence of the DPASV peak current on the 
surfactant concentration could be studied. and the 
adsorption of surfactant onto the working elec- 
trode was closer to equilibrium. 

3. Results and discussion 

Several improvements in the preparation of the 
PI-TMFE have been introduced in the present 
study, including better control of the water con- 
tent in the casting solution by use of dried ace- 
tone. application of the casting solution to the 
electrode whilst spinning, and pre-gelation drying 
of the coating in a controlled humidity environ- 
ment. However, the experiments left no doubt 
that the last-mentioned improvement is by far the 
most important. When bulk membranes are pro- 
duced by the wet PI process, it is common prac- 
tice to allow a partial evaporation of the solvent 
prior to gelation [12], however, this drying step 
becomes a source of poor reproducibility with 
thin films because the zone in which the solvent is 
depleted extends throughout the polymer layer. 
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Table 1 
Effect of surface-active compounds on the DPASV peak currents for cadmium and lead 

Surfactant Electrode Cd Pb nb 

type 
Mean change of peak Standard deviation of Mean change of peak Standard deviation of 
current’l (‘Xi) change of peak current current” (‘%I) change of peak current 

(‘%I) (‘%$ 

None PI-TMFE II -8 2 - 10 2 2 

PI-TMFE III -9 3 - 13 2 2 

Albumin TMFE’ -85 3 -75 3 5 

PI-TMFE I’ -26 12 -28 11 18 

PI-TMFE II -7 2 -16 5 4 

Lysozyme TMFE -80 8 -63 5 3 

PI-TMFE II -37 4 -23 6 4 

PI-TMFE III -8 4 -12 2 4 

Gelatin TMFE -81 5 -52 8 3 

PI-TMFE III -17 9 -11 6 4 

PEG 6000 TMFE -85 0.4 -38 0.6 3 

PI-TMFE Ill -41 2 -9 0.1 2 

il Change in DPASV peak current after addition of 20 ppm surfactant (see Section 2). 
b No. of individual electrode preparations. 
c Data from Ref. [ 151. 

Moreover, the fraction of the solvent which evap- 
orates prior to the gelation step depends on exper- 
imental parameters such as the duration of the 
drying step, temperature, and convection in the 
drying environment, which also lower the repro- 
ducibility. It is therefore preferable to allow com- 
plete evaporation of the solvent, and the number 
of components in the polymer film is reduced 
from four to three (CA/magnesium perchloratei 
water) before it is immersed in the gelation bath. 
Equally importantly, the water content is also 
under control due to the constant humidity drying 
environment. 

As can be seen from Table I, the new scheme 

for preparation of the PI-TMFE (type II) of- 
fers considerably better protection against the 
albumin interference than the previous method 
(type I) described in Ref. [15]. A r-test (as- 
suming unequal variances of the populations) 
showed that the peak depression observed with 
the two electrode modifications is different 
at a 99.9% confidence level for cadmium as well 
as lead. Also, control experiments were car- 
ried out in which no surfactant was added, and 
the ‘natural” fall-off in the signals for the 
PI-TMFE II is no different to that observed 
when albumin is added (cf. Table 1). This 
means that the PI-TMFE II is insensitive to 
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Table 2 
DPASV peak currents of cadmium and lead obtained with the PI-TMFE and the TMFE 

1397 

Electrode 

type 

Cd Pb n” 

Mean peak current (/[A) Standard deviation of Mean peak current (PA) Standard deviation of 
peak current (/)A) peak current (PA) 

TMFEb 5.7 1.9 10 1.1 10 
PI-TMFE Ih 2.4 1.1 4.5 1.7 26 
PI-TMFE II 2.0 0.4 3.4 0.5 8 
PI-TMFE III 1.6 0.3 2.4 0.6 8 

’ No. of individual electrode preparations. 
b Data from Ref. [15]. 

the albumin interference within the concentration 
range tested. Furthermore, the variability of indi- 
vidual electrode preparations with respect to the 
suppression of the albumin interference is much 
smaller for the new electrode modification proce- 
dure. These improvements can be attributed to 
the introduction of the drying step as discussed 
above. 

Next, the suppression of the interference from 
lysozyme was tested. This protein has a much 
lower molecular weight than albumin ( 15 000 and 
66000 respectively), and it therefore poses a 
greater challenge for the permselectivity of the PI 
membrane. Lysozyme also causes a dramatic de- 
crease in the DPASV signals at the conventional 
TMFE (cf. Table 1). The PI-TMFE II offers a 
substantial reduction of the interference from 
lysozyme, but does not eliminate it. Therefore, a 
PI membrane with a denser skin layer (type III) 
was produced by lowering the concentration of 
magnesium perchlorate in the pore former from 
0.9 to 0.7 M. In order to maintain a suitable 
mercury loading on the electrode, the concentra- 
tion of mercury in the plating solution was 
tripled. In this manner, the interference from 
lysozyme could also be eliminated (cf. Table 1). 
The PI-TMFE III also offers good protection 
towards interference from gelatin, but some sup- 
pression of the cadmium peak remains. However, 
the interpretation of this result is complicated by 
the fact that gelatin is a product of the structural 
and chemical degradation of collagen and shows a 
wide molecular weight distribution [ 181, including 
a significant fraction with MW below 10000. 

Polyethylene glycol (PEG; MW 6000) caused 
suppression of the cadmium signal at the PI- 
TMFE III. Assuming that the permselectivity of 
the CA membranes is primarily based on molecu- 
lar weight [S], it can therefore be concluded that 
the molecular weight cut-off of the PI-TMFE III 
is in the range 6000- 14 000. This result must be 
viewed in relation to the requirements for protec- 
tion of the electrode set by the sample type and 
the electroanalytical method applied. An impor- 
tant potential application of the PI membranes 
lies in clinical chemistry, and it is interesting to 
note that ultrafiltration of human serum samples 
with a 5 kDa filter was found to be necessary in 
order to obtain undistorted voltammograms of 
redox probes added to the serum [19]. With re- 
spect to clinical analysis it would therefore be 
desirable to achieve a somewhat lower molecular 
weight cut-off of the PI membranes. Work to this 
aim is currently in progress in our laboratory. 

As shown in Table 2, the DPASV peak currents 
obtained with the conventional TMFE are re- 
duced by factors of approximately three for the 
PI-TMFE II and four for the PI-TMFE III. This 
order is in agreement with the general rule that a 
decrease in the molecular weight cut-off of a 
size-exclusion membrane is accompanied by loss 
of sensitivity owing to the increased diffusional 
resistance. In comparison, a reduction of the sen- 
sitivity in ASV by a factor as high as 18 has been 
reported when bulk CA membranes are applied 
for protection of the electrode [20]. It has also 
been reported that the response of an amperomet- 
ric detector was reduced between 10 and 20 times 



when a base-hydrolyzed CA film was applied to 
the working electrode [8]. 

Voltammograms obtained with the conven- 
tional TMFE and the three types of PI-TMFE are 
shown in Fig. 1. The peak potentials for cadmium 
and lead were the same at the TMFE and the 
PI-TMFE I and II ( - 7 15 and - 545 mV vs. SCE 
respectively), while the peak positions at the PI- 
TMFE III were lo- 15 mV more positive for 
cadmium as well as for lead. The reason for this 
difference is not known. For all electrode types, 
the peak width at half wave height was close to 45 
mV for both metals. The moderate effect of the 
coating on the DPASV peak characteristics (apart 
from the peak height) indicates that the polymer 
layer is a passive membrane without specific inter- 
action with the analyte. Also, the shape and size 
of the background signal were not affected notice- 
ably by the polymer coating (cf. Fig. 1). At the 
conventional TMFE, all surfactants tested shifted 
the peak potentials for cadmium and lead in the 
positive direction. Addition of 20 ppm surfactant 
was accompanied by the following shifts in peak 
potentials for cadmium and lead respectively: al- 
bumin, + 30 and + 20 mV; lysozyme, + 23 
and + 11 mV; gelatin, + 19 and + 8 mV; PEG 
6000, + 14 and + 4 mV. For the combinations of 
surfactant and PI-TMFE type listed in Table 1. 
the addition of 20 ppm surfactant caused peak 
shifts in only two cases, namely lysozyme/PI- 
TMFE-II ( + 4 and + 3 mV for cadmium and lead 
respectively) and PEG 6000/PI-TMFE III ( + 8 
and + 3 mV). The addition of the surfactant also 

Fig. I, DPASV signals of cadmium and lead obtained with (A) 
TMFE, (B) PI-TMFE I. (0 PI-TMFE II and (D) PI-TMFE 
III. The measurement conditions are given in Section 2. 

6 
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0,4 0.6 ‘316 1 ,o 1.2 I,4 I,6 

[Mg(Cl04)2] in pore former/M 

Fig. 2. Effect of the concentration of magnesium perchlorate in 
the pore former on the DPASV peak currents of cadmium ( A ) 
and lead ( n ) obtained with the PI-TMFE. Apart from the 
parameter varied, the standard formulation of the casting 
solution was used (see Section 2). No surfactant has been 
added. Each point represents the average of not less than two 
electrode preparations. 

caused significant signal suppression for both 
combinations (cf. Table 1). and the analyte signal 
which was most suppressed by the surfactant also 
exhibited the largest peak shift. These observa- 
tions are not surprising because signal suppression 
and peak shift at the PI-TMFE both indicate that 
the surfactant has penetrated the membrane and 
caused interference at the electrode/electrolyte in- 
terface. However, it was also found that addition 
of albumin to the PI-TMFE I caused suppression 
of the cadmium and lead signals (cf. Table 1) 
without any concomitant peak shift. 

As shown in Fig. 2, the DPASV peak currents 
for cadmium and lead depend strongly on the 
amount of magnesium perchlorate in the pore 
former. Since this salt is a powerful desiccant and 
the polymer coating is dried under constant hu- 
midity conditions, it is reasonable to assume that 
the molar quantities of magnesium perchlorate 
and water in the film are proportional at the 
moment when the electrode is immersed in the 
gelation bath. The porosity of the PI membrane 
can therefore be controlled via the amount of 
magnesium perchlorate in the casting solution. 
Fig. 3 shows the decrease in the DPASV peak 
current caused by albumin addition as a function 
of the magnesium perchlorate content in the pore 
former. The apparent increase in the sensitivity of 
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the PI-TMFE towards the albumin interference 
seen with the most dense PI membrane ([Mg(- 
ClO, )J = 0.53 M) is an artifact related to insuffi- 
cient mercury loading of the electrode. Control 
experiments, in which no albumin was added, 
showed decreases in the DPASV peak currents 
comparable to those given in Fig. 3. However, 
when the concentration of Hg(II) in the plating 
solution was tripled, the fall-off in the signals was 
similar to that obtained with 0.7 M and 0.9 M 
Mg(CIO,), as pore former (see Fig. 3). Appar- 
ently. the signal stability of the PI-TMFE deterio- 
rates when the amount of mercury deposited 
becomes too low, and the increased diffusional 
resistance of PI membranes with dense skin layers 
should therefore be compensated for in the mer- 
cury deposition step. 

As expected, some increase in the sensitivity 
of the PI-TMFE towards albumin is seen at 
the highest concentrations of Mg(CIO,)z in the 
pore former (1.13 M and 1.44 M). Still, the extent 
of the albumin interference is much smaller than 
at the bare TMFE, while the DPASV peak cur- 
rents for cadmium and lead obtained with the 
PI-TMFE (using 1.44 M Mg(ClO,), as pore for- 
mer) are reduced by 28% and 21% respectively 
relative to those obtained with the TMFE. Thus, 

“1 

0-l I I , , , . ( 
0.4 0.6 0.8 1.0 1.2 1.4 1,6 

[Mg(Cl04)2] in pore former/M 

Fig. 3. Effect of the concentration of magnesium perchlorate in 
the pore former on the discriminative power of the PI-TMFE 
towards albumin: (A) cadmium; ( n ) lead. Apart from the 
parameter varied, the standard formulation of the casting 
solution was used (see Section 2). The ordinate shows the 
decrease in the DPASV peak current after incremental addi- 
tion of 20 ppm albumin. Each point represents the average of 
not less than two electrode preparations. 

0 20 40 60 60 100 

relative humidity/% 

Fig. 4. Effect of the relative humidity during the drying step on 
the DPASV peak current for cadmium (A) and lead (m) 
obtained with the PI-TMFE. No surfactant has been added. 
Each point represents the average of not less than four elec- 
trode preparations. 

it is also possible to produce PI membranes which 
only reduce the sensitivity moderately and yet 
offer good protection against interference from 
albumin. 

The effects of the relative humidity in the pre- 
gelation drying step on the characteristics of the 
PI-TMFE are shown in Figs. 4 and 5. The 
DPASV peak current only displays minor varia- 
tions when the relative humidity is 35% or higher 

relative humidity/% 

Fig. 5. Effect of the relative humidity during the drying step on 
the discriminative power of the PI-TMFE towards albumin: 
(A) cadmium: ( n ) lead. The ordinate shows the decrease in 
the DPASV peak current after incremental addition of 20 ppm 
albumin. Each point represents the average of not less than 
four electrode preparations. 
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(cf. Fig. 4) whereas the peak depression caused 
by albumin increases monotonically with the rela- 
tive humidity in this range. Consequently, the 
pre-gelation conditioning of the membrane should 
be done at a relative humidity of 35% or lower. 
The increase in the sensitivity of the electrode 
towards the albumin interference at the lowest 
humidity tested (13% relative humidity, cf. Fig. 5) 
is probably an artifact related to reduced signal 
stability owing to insufficient mercury deposition 
on the electrode as discussed above. 

As previously mentioned [15], the spin-coated 
PI membranes have diffuse, concentric refraction 
rings, which is evidence of a non-uniform thick- 
ness of the polymer layer. The rings develop 
during the evaporation of the casting solvent. It is 
believed that further progress in the preparation 
of the PI membranes is linked to the achievement 
of a uniform polymer layer, which means that 
alternative coating methods must be found. At 
present, the feasibility of applying the casting 
solution to the electrode surface by electro-spray- 
ing is being explored. 

There is no reason to expect that the attractive 
properties of PI membranes for suppression of 
electrode fouling should be limited to ASV. Pro- 
tective membranes are an integral part of most 
electrochemical (e.g. amperometric) sensors for 
analysis of biological fluids owing to the complex 
nature of the matrix [4,5], and the PI process for 
preparation of CA membranes could also prove 
to be useful for such applications. 
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Abstract 

The use of derivative constant-wavelength synchronous scan fluorimetry is reported for the determination of three 
polycyclic aromatic hydrocarbon pollutants in drinking water (linearity range 0.4-4 /lg I ‘). The limits of detection 
(LD) and quantification (LQ) (~16 1 ‘) are 0.01 and 0.07 for benzo[h]fluoranthene. 0.03 and 0.12 for benzo[rr]pyrene 
and 0.19 and 0.57 for indeno[l,2,3-cdlpyrene in the presence of three other pollutants, benzo[k]fluoranthene, 
benzo[ghi]perylene and fluoranthene. The precision (RSD 5 1O.W) and recovery ( 2 85%) were satisfactory. 

K~~I~Y>Y~s: Benzo[cl]pyrene; Benzo[h]fluoranthene; Indeno[ 1,2,3-d]pyrene; Synchronous scan spectra fluorimetry 

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a 
group of essentially man-made organic com- 
pounds which are now widely distributed in the 
environment. Since some of these compounds, e.g. 
benzo[h]fluoranthene, benzo[u]pyrene and in- 
deno[ 1,2,3-cdlpyrene, are known carcinogens [ 11. 
monitoring of their levels is considered necessary. 
However, owing largely to the complexity of the 
matrices in which they occur and the often low 

* Corresponding author 

concentrations to be measured, no standardized 
official method for the quantification of PAHs has 
yet been developed. For drinking water, the WHO 
nevertheless suggested a joint recommended limit 
of 200 ng 1~ ’ for the six PAHs designated as 
indicators (benzo[b]fluoranthene, benzo[k]fluor- 
anthene, benzo[ghi]perylene. benzo[a]pyrene, fluo- 
ranthene and indeno[l.2,3-cdlpyrene). and the 
same limit has been adopted as an official maxi- 
mum allowable concentration by the European 
Union (EU), formerly the European Community 
(EC) [2], while EC-Council Directive 75/440/EEC 
on the quality required of surface waters destined 

0039-9140/96/$lj.O0 1~: 1996 Elsevier Science B.V. All righta reserved 
PII SOO39-9140(96)01900-5 
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Fig. 1. (A) Normal and (B) second-derivative synchronous fluorescence spectra of 2.0 jig I ’ solutions of benzo[h]fluoranthene in 
hexane (-) or hexane containing 0.2 /lg I ’ of benzo[k]fluoranthene and 2.0 /~g I ’ of each of the other PAHs (*), Ai = 160 nm. 
Inset: magnification of boxed area. 
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for the production of drinking water [3] stipulates 
the same allowable maximum of 200 ng 1-l for 
class Al and A2 waters and 1000 ng 1~ ’ for class 
A3 waters. 

There have been a number of different ap- 
proaches to the quantification of PAHs. The EC 
proposed, as a reference method for surface wa- 
ters destined for the production of drinking water 
[4], measurement of UV fluorescence after thin- 
layer chromatography in comparison with mea- 
surements of standard mixtures of the six 
indicator substances mentioned above, and for 
drinking water itself [2]. 

For surface water, tap water and wastewater, 
the American Society for Testing and Materials 
subsequently published a liquid chromatograpic 
(LC) method with UV and/or fluorescence detec- 
tion [5], and for urban and industrial wastewaters 

the US Environmental Protection Agency [6] later 
recommended a gas chromatographic-mass spec- 
trometric (GC-MS) method. However, a number 
of authors [7- 121 have proposed the use of syn- 
chronous spectrofluorimetry (first developed by 
Lloyd [13] in 197 1). which offers several advan- 
tages over the others: analysis is rapid and so 
allows a high throughput of samples; the solvent 
consumption is limited to that required for the 
preparation of the sample; the detection and 
quantification limits are low; and the sensitivity is 
much better than that of UV-visible absorption 
methods. The selectivity of the technique is en- 
hancable not only by the virtual absence of non- 
fluorescent interferents in the sample, but also by 
the simultaneous scanning of both the excitation 
and emission monochromators, which affords 
narrower bands than in conventional spec- 

0 

Fig. 2(A) 
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Fig. 2. (A) Normal and (B) second-derivative synchronous fluorescence spectra of 2.0 peg I - ’ solutions of benzo[u]pyrene in hexane 
(-) or hexane containing 0.2 /lg I ’ of benzo[k]fluoranthene and 2.0 peg I ’ of each of the other PAHs (*), Ai. = 110 nm. Inset: 
magnification of boxed area. 

trofluorimetry and virtually eliminates inter- 
ference from Rayleigh scattering [7,14-211. As 
with other spectroscopic techniques, analysis of 
multi-component samples whose spectra have 
overlapping bands can be further improved by 
using the derivative modes [17.22]. 

Synchronous spectrofluorimetry has been 
adopted for the global determination of total 
amounts of the six named PAHs. officially 
designated as indicators of drinking water quality 
[23,24]. 

This paper describes a second-derivative 
constant-wavelength sychronous scan spectro- 
fluorimetric method for the individual deter- 
mination of the six carcinogenic PAHs, namely 
benzo[h]fluoranthene, benzo[rr]pyrene and 

indeno[ 1,2,3&]pyrene in the presence of 
benzo[k]fluoranthene, benzo[g/zi]perylene and 
fluoranthene. 

2. Experimental 

2.1. Muterials 

Benzo[a]pyrene and fluoranthene were obtained 
from Aldrich dnd benzo[h]fluoranthene, 
benzo[k]fluoranthene, benzo[g/zi]perylene and 
indeno[l,2,3-cu’lpyrene from Sugelabor. (Caution: 
all these compounds, except benzo@i]perylene, 
are suspected carcinogens and all are toxic; they 
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should be handled only in a hood, using safety 
glasses and other appropriate approved safety 
measures, to avoid contact with skin, eyes and 
clothing.) Solutions of benzo[b]fluoranthene, ben- 
zo[a]pyrene and indeno[ 1,2,3-cdlpyrene in hexane 
were prepared at concentrations of 0.4, 1 .O, 2.0 and 
4.0 pg I- ‘. Four stock solutions containing the 
following mixtures (all in hexane) were likewise 
prepared: 0.04, 0.1, 0.2 and 0.4 /lg 1- ’ ben- 
zo[k]fluoranthene + lo-fold masses (,~g I ~ ‘) of each 
of the other five indicator PAHs. 

2.1.2. E.utractant/solwnt 
n-Hexane for residue analysis (Merck) was used. 

2.2. Apparatus 

The spectrofluorimeter was a Perkin-Elmer LS-50 
luminescence spectrometer equipped with a xenon 

discharge lamp, MonkkGillieson mono-chroma- 
tors and 1 cm quartz cuvettes. For acquisition and 
processing of spectral data by Fluores- 
cence Data Manager software, the instrument was 
serially interfaced (RS232C) to a PC. 

2.3. Working conditions 

For each of the above solutions, three scans with 
excitation - emission wavelength differences of 110, 
160 or 185 nm were run at a scan rate of 240 nm 
min - ’ between 200 and 500 nm (excitation slit width 
2.5 nm and emission slit width 20 nm). 

3. Results and discussion 

The optimum excitation - emission wavelength 
difference for each PAH was obtained by scanning 
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(B) 

Fig. 3. (A) Normal and (B) second-derivative synchronous fluorescence spectra of 2.0 p(g I ’ solutions of indeno[l,2,3-cd]pyrene in 
hexane (-) or hexane containing 0.2 fig I - ’ of benzo[h-lfluoranthene and 2.0 fig I ’ of each of the other PAHs (*), Ai = I85 run. 
Inset: magnification of boxed area. 

its solutions between 200 and 500 nm with the 
difference set at 10 nm (scan 1) and increasing this 
difference by 5 nm for each of 49 successive scans. 
Comparison of the scans with the narrowest, best 
defined bands with the corresponding spectra of 
mixtures with the other admixed five indicator 
PAHs showed overwhelming interference (Fig. 
l(A)-3(A)). However, in the second-derivative 
spectra there were wavelength intervals allowing 
the detection and quantification of the target 
PAHs in the presence of the others, coincidence 
between the single- and multiple-PAH spectra at 
these wavelengths showing that the multiple-PAH 
peak was due solely to the target PAH (Fig. 
l(B)-3(B), Table 1). 

For quantification, the calibration lines listed in 
Table 2 were constructed by regressing the 

peak-to-trough heights of these second-derivative 
peaks against the concentrations of the working 
solutions specified in the Experimental section. 
Following the recommendations of the American 
Chemical Society’s Subcommittee on 
Environmental Analytical Chemistry [25], limits 

Table I 
Scan number, wavelength intervals and chosen second-deriva- 
tive peaks for the detection and quantification of each PAH 

Compound Scan No. A/. Chosen 
(nm) 2nd-derivative 

peak (nm) 

Benzo[b]fluoranthene 31 I60 300-305 
Benzo[a]pyrene 21 110 290-296 
Indeno[l,2.3-ccllpyrene 36 I85 314-319 
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Table 2 
Calibration lines, blank signals and limits of detection and quantification of the three PAHs. 

141 I 

Compound Calibration line”: 
I=A.r+B 

A B 

I Blank 
meanh 

Signal LD LQ 
SD (‘X8) C/l?? I-‘) (iI& 1 ‘) 

Benzo[h]fluoranthene 118.48 3.95 0.9992 2.56 0.95 0.01 0.07 
Benzo[a]pyrene 78.34 2.68 0.999 1 2.45 0.95 0.03 0.12 
Indeno[ 1.2.3cdlpyrene 24.77 1.81 0.9967 2.55 1.34 0.19 0.57 

:’ .y = Concentration in ,ug I- ’ 
’ Second-derivative signal. 

of detection (LD) and quantitation (LQ) were not be matched by some chromatographic meth- 
calculated as the concentrations corresponding to ods. For these reasons, it is ideally suited to the 
the mean blank signal + three and ten standard regular monitoring of PAH levels in large num- 
deviations, respectively. bers of water samples. 

In previous experiments [23] using constant- 
wavelength synchronous scan fluorescence spec- 
trometry, the suitability of hexane for analyses of 
this type (for which it is recommended by the EU 
[2]) was evaluated and it was found to have both 
excellent extractive capacity and spectrofluorimet- 
ric properties [26]. 

4. Conclusions 

There were no signs of interference from the 
aqueous matrix in the determination of these 
PAHs (no significant differences were observed 
between the spectrum of hexane and that of hex- 
ane extracts of PAH-free water), and any signal 
distortion due to drift of background noise was 
automatically corrected by using the second- 
derivative method. The method precision and re- 
covery were calculated by spiking six replicate 
distilled PAH-free water samples [23] with 0.2 ,Lrg 
1.. ’ of benzo[k]fluoranthene and 2 /lg 1~ ’ of each 
of the other PAHs (Table 3). 

This technique is rapid, easy to apply and offers 
limits of detection and quantification which can- 

Table 3 
Precision and recoveries obtained for six replicate distilled 
PAH-free hater samples each spiked with 0.2 /~g I ’ of 
benzo[li]fluoranthene and 2 llg I- ’ of each of the other PAHs 

The described technique allows the determina- 
tion of three of the six carcinogenic polycyclic 
aromatic hydrocarbons whose presence in drink- 
ing water is officially recognized as indicative of 
pollution, namely benzo[b]fluoranthene, ben- 
zo[a]pyrene, and indeno[l,2,3-cdlpyrene, in the 
presence of the other three. For benzo[b]flu- 
oranthene, a working emission - excitation wave- 
length difference of 160 nm affords limits of 
detection and quantification in hexane of 0.01 and 
0.07 pg l- ‘, respectively, for the second-deriva- 
tive peak at 3OOG305 nm. In the case of ben- 
zo[rt]pyrene, a working emission - excitation 
wavelength difference of 110 nm affords limits of 
detection and quantification in hexane of 0.03 and 
0.12 /Lg 1~ ‘, respectively, for the second derivative 
peak at 290-296 nm. However, for indeno[l,2,3- 
cdlpyrene, a working emission - excitation wave- 
length difference of 185 nm affords limits of 
detection and quantification in hexane of 0.19 and 
0.57 pg 1~ ‘. respectively, for the second derivative 
peak at 314-319 nm. 

Compounds Recovery (‘?;I) Precision (RSD. ‘%) 

Benzo[a]pyrene 91.3 8.9 
Benzo[h]fluoranthene 99.5 8.5 
Indeno[l.2,3-u/]pyrene 85.0 10.6 
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Abstract 

The use of Cresyl Violet and sodium dodecyl sulphate for the kinetic fluorimetric determination of lysozyme from 
dynamic fluorescence measurements at a long wavelength in the range near 600 nm was explored. The high initial rate 
of this system allows analytical measurements to be made within ca. 2 s after the reactants are mixed, by using the 
stopped-flow mixing technique, which makes the method applicable to automatic routine analysis. The calibration 
graph is linear over the range 0.5-40 Jig ml ’ lysozyme hydrochloride and the detection limit of 0.19 /lg ml ~ ‘_ The 
precision is less than 2% (relative standard deviation). The results obtained by applying the proposed method to the 
analysis of pharmaceutical samples with no pretreatment shown how readily it can be adapted for routine analyses. 
Analytical recoveries ranged between 94.0 and 104.0%. 

Kr~~or~ss: Cresyl Violet; Fluorimetry; Kinetic method: Lysozyme: Pharmaceuticals: Stopped-flow 

1. Introduction 

Long-wavelength fluorescent dyes in analytical 
applications have attracted considerable attention 
in recent years on account of their advantages 
over conventional fluorescent dyes, such as re- 
duced background interferences and sample 
photodecomposition [ 11. Among others, long- 
wavelength fluorescent dyes have been used as 
labels in immunoassay [2] and as reagents in 
chromatography [3] and capillary electrophoresis 
[4]. Diode lasers are frequently used as light 
sources in near-infrared fluorescence spectroscopy 

* Corresponding author 

because their high irradiance and very narrow 
bandwidth afford very low detection limits and 
good selectivity. However, most lasers only emit a 
few discrete wavelengths. so optimum excitation 
can only be achieved if the output matches the 
fluorophore excitation wavelengths. In addition, 
the current practical limit for a commercial diode 
laser is 660 nm [5]. 

In this work, the scope of the analytical appli- 
cation of long-wavelength fluorescence dyes was 
extended to the simple, fast kinetic determination 
of proteins in the presence of an anionic surfac- 
tant, sodium dodecyl sulphate (SDS). For this 
purpose. several azine dyes with fluorescent prop- 
erties in the spectral region near 600 nm were 
tested and a kinetic fluorimetric method for 

0039-9140/96iSl5.00 ‘0 1996 Elaevier Science B.V. All rights reserved 
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lysozyme determination was developed. Experi- 
ments were carried out with a 450 W xenon arc 
lamp as the light source because the excitation 
wavelengths for these compounds are shorter than 
the above-stated limit for diode lasers (660 nm). 
The high initial rates obtained for these systems 
cannot be measured by using the batch technique, 
requiring the use of the stopped-flow mixing tech- 
nique to obtain kinetic measurements. In addi- 
tion. this technique facilitates automation through 
automatic mixing of sample and reagent solutions 
and kinetic data from the mixed solution can be 
acquired for immediate processing in order to 
obtain the analytical information. 

Lysozyme is a proteolytic enzyme present in 
numerous pharmaceutical preparations of antibi- 
otics such as tetracyclines, penicillins and amino- 
glycosides because it is claimed to enhance their 
antimicrobial activity when given concomitantly. 
This protein has been determined in pharmaceuti- 
cal preparations by measuring the fluorescence 
intensity of 4-methylumbelliferone released by 
lysozyme from 4-methylumbelliferyl tetra-N- 
acetyl-a-chitotetraoside, which acts as the sub- 
strate [6]. Since the enzyme also appears to 
catalyse the hydrolysis of the substrate to the 
saccharide, without release of the fluorescent moi- 
ety, the sensitivity of the assay was increased by 
adding B-N-acetylhexaminidase, obtaining a recti- 
linear calibration graph from 10 to 70 pug ml-’ 
lysozyme. A chromatographic method using a 
similar substrate (4-methylumbelliferyl tri-N- 
acetyl-fi-chitotrioside) has been described for the 
determination of lysozyme in food [7]. Other 
fluorimetric methods for lysozyme determination 
by using other substrates such as fluorescein isoth- 
iocyanate-labelled peptidoglycan [S] and fluores- 
camine-labelled peptidoglycan [9] have been 
described. Also, 4-nitrophenyl penta-N-acetyl-b- 
chitopentaoside has been proposed as substrate 
for the photometric determination of lysozyme 
[lo], which liberates 4-nitrophenol. Turbidimetry 
has been also used for the determination of 
lysozyme involving Micrococcus luteus as sub- 
strate [11,12]. The method, with a rectilinear cali- 
bration graph from 0.5 to 1.5 pug ml ~ ’ lysozyme. 
has recently been adapted to commercial analyser 
[13], but data on throughput have not been given. 

The methods involving a lysozymeesubstrate 
reaction require an incubation time close to 30 
min at 37°C. However, the alternative method 
described in this paper avoids the use of a sub- 
strate and allows the fast and simple determina- 
tion of lysozyme by using the stopped-flow mixing 
technique. Its usefulness was assessed by 
analysing various pharmaceutical samples. 

2. Experimental 

2. I. Instrimentution 

A Model 8OOOC photon counting spec- 
trofluorimeter from SLM-Aminco (Urbana, IL, 
USA), equipped with a 450 W xenon arc source 
and an R928 photomultiplier tube, was used. The 
instrument was furnished with an SLM-Aminco 
Milliflow stopped-flow reactor, a TWC computer 
and a Roland plotter. The stopped-flow module, 
fitted with an observation cell of 0.2 cm path- 
length, was controlled by the associated electron- 
ics, the computer and a pneumatic syringe drive 
system. The solutions in the stopped-flow module 
were kept at a constant temperature of 20°C by 
circulating water from a thermostated tank. 

2.2. Rwgen ts 

A 200 jig mll ’ stock aqueous solution of 
lysozyme hydrochloride (grade VI, Sigma) was 
prepared. Aqueous solutions of Cresyl Violet ac- 
etate (9.3 x 10 ’ M, Sigma) and SDS (1.5 x 
10 ~’ M, Merck) were also prepared. A 0.1 M 
borate buffer solution was made from boric acid 
and adjusted to pH 10.0 with sodium hydroxide. 

2.3. Procedure 

Two aqueous solutions (A and B) were used to 
fill the 2 ml drive syringes of the stopped-flow 
reactor. Solution A contained lysozyme hy- 
drochloride at a final concentration between 3.6 
x lop8 and 2.9 x 10Ph M, borate buffer (1.7 
x lo-’ M) and SDS (1.5 x lo-’ M). Solution 
B contained SDS (1.5 x lop3 M). borate buffer 
(1.7 x 10 ’ M) and Cresyl Violet acetate (1.4 x 
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10 --5 M). In each run, 0.04 ml of each solution 
was mixed at a flow-rate of 20 ml sP ’ in the 
mixing chamber. The increase in the fluorescence 
intensity with time throughout the reaction was 
monitored at &, 585 nm and A,,,, 627 nm using the 
slow kinetic acquisition mode of the instrument. 
All measurements were carried out at 20°C. Fluo- 
rescence values were obtained for 10 s and pro- 
cessed by the computer. running a linear- 
regression program for application of the initial- 
rate method. The reaction rate was determined in 
ca. 2 s and each standard or sample was assayed 
in triplicate. The blank signal was found to be 
negligible at 20°C. 

2.4. Deterntinution of Iysoqwe in phartvuceuticul 

satttples 

Analyses for lysozyme were carried out simi- 
larly to the above-described procedure. Each sam- 
ple was analysed by weighing and powdering a 
tablet, transferring the powder into an appropri- 
ate volumetric flask (50 or 250 ml) and diluting to 
volume with distilled water. The suspension was 
shaken for 5 min in an ultrasonic bath (50 W) and 
then filtered. Finally, an aliquot of the filtrate was 
treated as described above. 

3. Results and discussion 

3.1. Spectrd studies 

Three fluorescent azine dyes [Cresyl Violet (A,, 
585, &,, 627 nm), Nile Blue (‘2,, 624, /i,, 675 nm) 
and Azure B (&, 647, &,,, 673 nm)], were assayed 
for use as reagents for lysozyme. These com- 
pounds exhibit an intense fluorescence in aqueous 
solutions that is not affected by the presence of 
lysozyme. as shown in Fig. 1 for Cresyl Violet. 
However, SDS completely quenches the fluores- 
cence of the dye at a concentration below the 
critical micelle concentration (c.m.c.). The c.m.c. 
for SDS in this system was measured with a 
stalagmometer, and found to be 1.7 x 10 ~ 3 M, 
which is approximately five times lower than that 
reported in pure aqueous solutions (8.1 x lo-’ 
M) [14]. Under these conditions, the presence of 

lysozyme caused an increase in the fluorescence 
intensity (Fig. 1) proportional to the concentra- 
tion of the protein (Fig. 2). These results were 
obtained at a pH lower than the isoelectric point 
of lysozyme ( 11 .O). 

On the other hand, the fluorescence of the dyes 
was not quenched but rather increased at an SDS 
concentration above its c.m.c. This can be at- 
tributed to the fact that the interaction between 
Cresyl Violet and SDS changes when micelles are 
formed and dye molecules are sheltered from non- 
radiative processes by the micellar environment. 
Under these conditions, the presence of lysozyme 
does not affect the fluorescence of these systems. 
Also, placing SDS with a non-ionic (Triton X- 
100) or cationic surfactant (cetyltrimethylammo- 
nium bromide) results in no difference between 
the sample and blank. Two other anionic surfac- 
tants assayed (Tergitol 7 and sodium dodecylben- 
zenesulphonate) provided poorer results than 
SDS. 

A possible explanation for the behaviour of 
SDS in this system is the following: the surfactant 

- I  

600 6kO 

A (nm) 

Fig. I. Emission spectra for Cresyl Violet (1) in the absence 
and presence of lysozyme. (2) in the presence of’ SDS and (3) 
in the presence of SDS and lysozyme. [Cresyl Violet] = 1.4 X 
10-j M; [lysozyme]=25 pg ml-‘; [SDS]= 1.5 x IO-’ M. 
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2 4 6 6 10 12 14 

TIME (s) 

Fig. 2. Kinetic curves obtained for Cresyl Violet-SDS- 
lysozyme system at different lysozyme concentrations (I) IO, 
(2) 20, (3) 30 and (4) 40 ~cg ml-‘. [Cresyl Violet] = 1.4 x 
IO-’ M; [SDS]= 1.5 x IO-’ M. 

monomers, which are negatively charged, interact 
with Cresyl Violet, which is positively charged, 
causing a change in the electronic distribution of 
this dye and a loss of fluorescence. Lysozyme, a 
bulky molecule with numerous positive charges, 
can partially react with SDS to release Cresyl 
Violet and restore the original fluorescence signal. 
The interaction between SDS and lysozyme can 
be ascribed to the fact that SDS is a protein 
denaturant [ 151. 

The kinetic curves for these systems were ob- 
tained by using the stopped-flow mixing tech- 
nique. Although the three dyes behaved similarly, 
the best initial rate values were obtained with 
Cresyl Violet. Thus. the initial rates obtained for 
20 /lg ml ~ ’ lysozyme by using Cresyl Violet, Nile 
Blue and Azure B were 49, 3.5 and 2.8 s- ‘, 
respectively. Fig. 2 shows the kinetic curve ob- 
tained using Cresyl Violet; as can be seen, the 
initial rate could be obtained within only 2 s. 

3.2. Effkt oj’ reaction wriubles 

Experimental variables were optimized using 
the univariate method. All reported concentra- 

tions are initial concentrations in the syringes 
(twice the actual concentrations in the reaction 
mixture at time zero after mixing). Each kinetic 
result was the average of three measurements. The 
optimum values taken were those for which the 
relative standard deviation of the initial rate mea- 
surements was minimal, under conditions where 
the reaction order concerning the variable studied 
was zero or as close to it as possible. 

One of the most critical variables of this system 
was the SDS concentration because, as noted 
above, no interaction between lysozyme and Cre- 
syl Violet was observed in the absence of the 
surfactant or in the presence of a concentration 
above its c.m.c.; also, the fluorescence intensity of 
the dye was strongly dependent on the SDS con- 
centration. Fig. 3 (A) shows the variation of the 
initial rate of the system with the concentration of 
SDS in the range 8 x 10P4-3 x lo-’ M. As 
can be seen, the maximum initial rate was ob- 
tained near the c.m.c. of SDS and decreased 
above it. The blank signal was negligible up to the 
c.m.c. but increased above that level, so no differ- 
ence between the sample and blank was observed 
at an SDS concentration close to 3 x lo- 3 M. 

The effect of pH was studied over the range 
4.4-12.0 by using different amounts of sodium 
hydroxide and hydrochloride acid (Fig. 3(B)). The 
reaction rate of the system increased slightly up to 
pH 10.7, which is very close to the isoelectric 
point of lysozyme, and decreased sharply at 
higher pH values. Consequently, no interaction 
between lysozyme and SDS exists when the 
protein is negatively charged. pH 10 was chosen 
as optimal and a borate buffer was used to adjust 
it in the samples. The study of the effect of the 
buffer concentration showed that the initial rate 
was independent of this variable over the range 2 
x 10P’-4.5 x lo-’ M, outside which the initial 
rate was lower. Fig. 3(C) shows the effect of the 
Cresyl Violet concentration; as can be seen, the 
initial rate increased sharply up to a 1.2 x 10 ~ 5 
M reagent concentration, remained constant from 
this concentration up to 1.7 x 10 ~’ M and 
decreased slightly beyond that point. 

The initial rate of the system was found to be 
independent of the temperature in the range 155 
35°C and to increase slightly above it, increasing 
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A) 
lo- 

1 2 3 4 6 6 10 12 

/SDS1 x lo-’ M PH ICRESYL VIOLETI x 10 4 M 

Fig. 3. Elects of (A) SDS concentration, (B) pH and (C) Cresyl Violet concentration on Cresyl Violet-SDS%lysozyme system. 
[lysozyme] = 20 pg ml ‘; [Cresyl Violet] = I .4 x IO- ’ M (A) and (B) and SDS 1 S x 10 - ’ M in (B) and (C); IO ’ M borate 
buffer (pH 11.3) in (A) and (C). 

also the blank signal. A temperature of 20°C was 
chosen to avoid working under high-temperature 
conditions where, in addition, the blank signal 
must be subtracted. 

Based on the slopes of the fluorescence vs. time 
curves obtained for solutions containing different 
amounts of lysozyme, the reaction is first order 
with respect to the analyte. Under the working 
conditions used, the reagents exhibited a pseudo- 
zero-order dependence, so the following kinetic 
equation is proposed: L: = k[lysozyme], where I! is 
the reaction rate and k is the conditional rate 
constant. 

3.3. Figures of merit of the proposed method 

The Auorescence-time curves obtained for 
different amounts of lysozyme under the optimum 
conditions were processed by the initial-rate 
method. The calibration graph was linear over the 
concentration range 0.5-40.0 pg ml- ’ and con- 
formed to the equation v = 2.56C+ 1.25, where L; 
is the initial rate (s - ‘) and C the lysozyme hy- 
drochloride concentration (pg ml ~ ‘). The Pear- 
son correlation coefficient (r) was 0.998 (n = 11). 
The detection limit, calculated according to IU- 
PAC recommendations [16], was 0.19 pg ml-‘. 
The blank standard deviation was determined by 
assaying 30 samples, each containing a very low 
analyte concentration (0.25 pg ml - ‘), enough to 
yield an adequate signal. This procedure is usually 

used to determine the detection limit when the 
blank does not give an appreciable signal. The 
sampling rate was 60 h- ‘, calculated from the 
time taken to perform three replicate analyses 
including changeover in the stopped-flow module 
(about 30 s). The precision was studied at two 
concentrations of lysozyme hydrochloride, 5 and 
25 pg ml- ‘; the relative standard deviations ob- 
tained by measuring the initial rate (n = 11) were 
1.2 and 1.8’S, respectively. 

Equilibrium measurements can also be carried 
out by using this approach. However, the detec- 
tion limit obtained was 0.79 pug ml ‘, which was 
much higher than that obtained by kinetic 
methodology. Also, the relative standard devia- 
tions for 5 and 25 pg ml - ’ lysozyme hydrochlo- 
ride were higher (2.8 and 7.5%, respectively). 

The selectivity of the proposed method was 
assessed by assaying several potentially interfering 
compounds that frequently accompany lysozyme 
in pharmaceutical preparations. A substance was 
considered not to interfere at a given concentra- 
tion if the reaction rate obtained in its presence 
was within one standard deviation of the value 
obtained with the analyte alone. All the com- 
pounds assayed (tetracycline, ampicillin, ty- 
rothricin, bacitracin, benzocaine, sodium 
cyclamate, saccharin and sucrose) were tolerated 
up to at least a loo-fold excess relative to the 
analyte. One of the most salient features of the 
proposed method is speed; since the time required 
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Table I 
Determination of lysozyme in pharmaceutical preparations 

Sample” Lysozyme hydrochloride content 

(mg) 
Recovery 

Certified Foundb Added (pg/ml) Found” (fig/ml) Recovery (‘X)) 

1 40 3x* 1 5 5*1 94.0 
10 IOk 1 96.0 
15 15+2 99.3 

2 25 24.9 * 0.9 5 4.9 f 0.8 98.0 
10 10.2 f 0.7 102.0 
15 15* 1 102.6 

3 20 19* 1 5 4.8 * 0.9 96.0 
10 IOk 1 99.0 
15 14.2 * 0.3 94.6 

4 10 10.2 + 0.2 5 4.X + 0.8 96.0 
10 9.5 ) 0.7 95.0 
15 15*1 99.3 

5 5 5*1 5 5*1 104.0 
10 10.4 + 0.7 104.0 
15 Ii1 103.3 

’ Trade names, manufacturers’ names and compositions of samples: (I) Trofalgon. Madariaga. lysozyme hydrochloride (40 mg). 
cyanocobalamin (1 mg), excipient (cellulose): (2) Finegoin, Merck. lysozyme hydrochloride (25 mg) tetracycline hydrochloride (250 
mg). excipient (lactose and others); (3) Espectral fuerte. Centrum, lysozyme hydrochloride (20 mg). ampicillin trihydrate (500 mg). 
excipient: (4) Bucometasona. Kalifarma. lysozyme hydrochloride (10 mg), tyrothricin (IO mg). triamcinolone acetonide (1 mg), 
cetrimonium bromide (10 mg). benzocaine (20 mg), sucrose (506.5 mg), saccharin (2.86 mg), sodium cyclamate (30 mg), excipient: 
(5) Lizipaina. Upsa Medica. lysozyme hydrochloride (5 mg). papain (2 mg), bacitracin (200 U.I.). saccharin (2 mg), sucrose (1372 
mg). excipients. 
’ Means of six determinations i SD. 

to obtain analytical data is only ca. 2 s, the 
method is a useful, simple alternative to auto- 
matic routine procedures for the determination of 
lysozyme. 

3.4. Applications 

In order to validate the proposed stopped-flow 
method of lysozyme, it was applied to various 
pharmaceutical samples by direct analysis (with 
no sample pretreatment), using initial-rate mea- 
surements. The results obtained from the average 
of six determinations of six different tablets of 
each sample are summarized in Table 1. Recover- 
ies were determined by adding three different 
amounts of lysozyme hydrochloride standard to 
each sample and subtracting the results obtained 
for similarly prepared pharmaceuticals to which 
no analyte was added. Table 1 lists the analytical 
recoveries obtained, which ranged from 94.0 to 
104.0% (mean 98.9%). 

4. Conclusions 

The proposed method is the first reported appli- 
cation of kinetic methodology in conjunction with 
the stopped-flow mixing technique for the devel- 
opment of a rapid method for the determination 
of lysozyme by using initial rate measurements at 
long wavelengths. The results obtained show that 
the method can readily be adapted to automatic 
quality control of the analyte in pharmaceutical 
preparations. Therefore, it extends the scope of 
application of long-wavelength fluorescence dyes 
to fast kinetic determinations with improved ana- 
lytical features relative to equilibrium measure- 
ments. 

The method can be considered universal for 
protein determinations (a prior separation will be 
required for determining lysozyme in the presence 
of other proteins). However. when selectivity is 
not a limitation (e.g. in the quality control of 
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lysozyme in pharmacuetical formulations). the 
main aim is to develop a fast, simple, sensitive 
method of use for routine analyses. Despite the 
reliability of the methods previously described for 
lysozyme determination, which are based on its 
reaction with different substrates. they are time- 
consuming as they require a previous incubation 
step. However, the proposed stopped-flow method 
allows measurements to be made shortly after 
mixing and analytical data to be acquired in only 
a few seconds. 
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Abstract 

The best reproducible technology of pH measurement for precise pH buffer solutions regulated by Japanese 
Industrial Standards (JIS) was studied. A pH meter was devised with a high resolution of k 0.0001 pH. An l&bit 
analog-to-digital converter is used. one-bit resolution corresponding to 0.0019 mV (ca. 0.000032 pH) against an input 
electrode potential i 500 mV. Digital data were treated smoothly for some types of noise, a reproducibility of 
& 0.0002 pH being obtained with a potentiometer. A flow cell was devised to attain temperature control within 
&- 0.03”C and air-tight measurement prevented contamination with carbon dioxide. Also. the flow cell has a structure 
such that potassium chloride (KCl) inner solution effused from a ceramic junction of the reference electrode designed 
so as not to touch the glass membrane. A combination pH electrode (a glass electrode and a reference electrode) was 
assembled to minimize the dead volume of sample solution. This highly sensitive pH measuring system, consisting of 
a pH meter, a flow cell, a combination pH electrode, a circulating water thermostat and a peristaltic pump, was used 
for the certification of pH standard solutions in Japanese metrological law. The performance of this system was 
within &- 0.0006 pH reproducibility and 20-30 min response time (5 min within k 0.0002 pH) at a sample flow rate 
of 3 ml min..‘. 

Kqwords: Legal traceability; pH measurement; pH standard solutions 

1. Introduction 

The pH value is given by the electromotive 
force (e.m.f.) of a cell with a hydrogen gas elec- 
trode and a reference electrode [l]. The practical 

* Corresponding author. Fax: (81) 422-52-2042. 

pH value of a sample solution is determined by 
adding the pH value of a standard buffer solution 
to the value of the difference between the e.m.f. of 
the former cell against the sample solution and 
the e.m.f. against the standard buffer solution 
divided by the Nernstian slope for monocations 
(59.16 mV at 25°C) (a single standard method). In 
another definition of pH value by use of the linear 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01904-2 
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relationship between pH and the e.m.f. of the 
former cell, the operational pH value of the sam- 
ple solution is determined by the e.m.f. against 
two types of standard buffer solution and against 
the sample solution (a multi-standard method). 
For a practical scale of pH a series of standard 
buffer solutions were defined in the literatures 
[2-51. 

One of the most important areas where accu- 
rate values of pH measurement are required is in 
environmental water pollution control. The pH 
value of industrial waste water is regulated be- 
tween pH 6.5 and 8.5 by the Basic Environment 
Law in Japan [6]. Therefore, the correct calibra- 
tion of pH meters is very important to monitor 
environmental pollution by the industrial waste 
water, referring to precise pH standard solutions. 
In metrological law, a series of standard buffer 
solutions are provided as certified reference mate- 
rials (CRMs) that are traceable to reference mate- 
rials (RMs) [7]. In 1983, the Japanese government 
defined a precise pH standard solution, the repro- 
ducibility of which is k 0.002 pH, to maintain a 
clean environment in the presence of industrial 
waste water. Therefore, a practical pH measuring 
system for the purpose of referring the sample 
buffer solutions to the primary pH standard solu- 
tion was required. The standards of reproducibil- 
ity of pH buffer solutions in Japanese Industrial 
Standards (JIS) are within f 0.002 pH. There- 
fore, the development of a pH meter with a 
measurement ability of + 0.0001 pH unit resolu- 
tion was required to determine pH values of 
buffer solutions correctly. For the purpose men- 
tioned above. we have developed a high-perfor- 
mance pH measuring system for Japanese pH 
standard solutions using a flow system, and devel- 
oped an airtight flow cell system which has good 
stability to temperature changes and pH changes 
in pH buffer solutions. 

A cell consisting of a hydrogen gas electrode 
and a silver-silver chloride electrode was reported 
as a pH measuring cell [8,9]. However, electrode 
preparation just before use, such as platinum 
black plating of a platinum electrode and silver 
chloride plating of a silver electrode. is indispens- 
able for reproducible measurements. Therefore, 
this method is not very practical. As the most 

practical method, we studied a cell with a glass 
electrode and a silver-silver chloride reference 
electrode. In comparison with the hydrogen gas 
electrode, the glass electrode has a high 
impedance of the glass membrane and a long 
response time. In the reference electrode, an ap- 
propriate and constant outflow of KC1 from the 
liquid junction should be supplied for a stable 
liquid junction potential. However, the KC1 might 
change the original pH value of the sample 
soltution slightly when it reaches the glass elec- 
trode. During the measurement, the pH standard 
solution should be kept away from ambient air to 
prevent a change in pH value due to dissolved 
carbon dioxide. 

However, up to now, no pH measurement sys- 
tem has a It 0.0001 pH unit resolution. In this 
work, we constructed a precise pH measurement 
system by developing a flow cell system with a 
glass electrode and a reference electrode in re- 
sponse to a request from the National Chemical 
Laboratory for Industry and studied the effects of 
temperature control, sample flow rate, response 
time and reproducibility on pH. 

2. Outline of certification system for pH standard 
solutions in Japan 

Fig. 1 shows the scheme for the traceability of 
pH standard solutions regulated by the Japanese 
government in 1984. In this traceability system, 
the pH standard materials made into a stock 
standard solution and primary pH standard solu- 
tions are prepared from it at the National Chemi- 
cal Laboratory for Industry. The Chemical 
Inspection and Testing Institute. Japan (CITI), 
was founded as the certifying organization to 
supply pH standard solutions for practical use. 
Secondary pH standard solutions are prepared 
there using chemicals of pH measurement grade 
and certified by using the primary standard solu- 
tions. After all the pH standard solutions for 
practical use have been inspected and certified by 
the secondary pH standard solutions. they are 
distributed to the users of pH meters. 
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3. Experimental 

3. I. Appurutus and reagerz ts 

A DKK Model EL6 157 combination glass elec- 
trode was used. A Yamato Model BH-51 ther- 
mostat was used for temperature control of the 
sample solution. An Alitea Model U4-XV peri- 
staltic pump was used to send the sample solution 
into the flow cell. A Yokogawa Model LR4110 
analog recorder and an IBM Model N27 personal 
computer with software written in Microsoft Vi- 
sual Basic were used to record and collect the 
data. 

Potassium tetraoxalate, potassium hydrogenph- 
thalate, potassium dihydrogenphosphate, dis- 
odium hydrogenphosphate, sodium tetraborate 
decahydrate, sodium hydrogencarbonate and 
sodium carbonate were obtained from Kanto Ka- 
gdku (Tokyo, Japan), Wako Chemicals (Osaka, 
Japan) and Merck (Darmstadt, Germany). All 
chemicals were of pH measurement grade or ana- 
lytical-reagent grade. Pure water obtained with a 
Mini-Q SP Reagent Water System was used 
throughout. A Model FlO porous ceramic used as 
the ceramic junction was purchased from Kyocera 
(Kyoto, Japan). Z-7 chelating resin was purchased 
from Miyosi Oil and Fat (Tokyo, Japan). 

I 
Reference Material 1 

I _ National Chemical 

PrlmarS Standard Solutmn 
Laboratoq Far lndurtry 

Certification - 

Sccondap Standard Solution Chemical Inspection & 

Testing Institute, Japan 

Certification ‘1 

1 

Prartiral Use Standard Solution Certified Makers 

I 

User 

Fig. 1. Traceability scheme for pH standard solutions in 
Japan. 

3.2. Preparution of pH standurd solution 

Six kinds of pH standard solution were pre- 
pared as follows. A 0.05 mol (kg H,O) ~ ’ potas- 
sium tetroxalate dihydrate solution was prepared 
as a pH 1.679 standard solution at 25°C accord- 
ing to JIS K 0018 [lo]. A 0.05 mol (kg H,O)-’ 
potassium hydrogenphthalate solution was pre- 
pared as a pH 4.008 standard solution at 25°C 
according to JIS K 0019 [ll]. A 0.025 mol (kg 
H,O) - ’ KH2P0, + 0.025 mol (kg H,O) ~ I 
Na,HPO, solution was prepared as a pH 6.865 
standard solution at 25°C according to JIS K 
0020 [12]. A 0.008695 mol (kg HzO) ~’ 
KH?PO, + 0.03043 mol (kg H,O) - ’ Na,HPO, so- 
lution was prepared as a pH 7.415 standard solu- 
tion at 25°C according to JIS K 0023 [13]. A 0.01 
mol (kg H,O) - I Na,B,O, .2H,O solution was 
prepared as a pH 9.180 standard solution at 25°C 
according to JIS K 0021 [14]. A 0.025 mol (kg 
HzO) - ’ NaHCO, + 0.025 mol (kg H,O) - ’ 
Na,CO, solution was prepared as a pH 10.012 
standard solution at 25°C according to JIS K 
0022 [15]. The primary standard pH solutions 
were obtained from the National Chemical Lab- 
oratory for Industry. 

3.3. Preparation of pH electrode 

The pH electrode used is shown in Fig. 2. The 
Model EL61 57 is a combination-type pH elec- 
trode with a long-term stable reference electrode, 
which can eliminate silver chloride complex ions 
in the potassium chloride (KCl) inner solution by 
the use of chelating resins [16]. To stabilize the 
liquid junction potential thoroughly, a remodelled 
Model EL6157 pH electrode was used. The 
chelating resin was changed from MX-8 to Z-7, 
which was more effective in adsorbing silver chlo- 
ride complex ions dissolved from the silverrsilver 
chloride inner electrode. The ceramic junction was 
changed from Model Fll to Model FlO, with 
which the outflow rate of the KC1 inner solution 
was about five times that with the Model Fl 1. 
Furthermore, the numer of ceramic junctions was 
changed from one to two by adding one at the 
opposite side of the electrode body. The diameter 
of the glass membrane is 6 mm and that of 
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Fig. 2. Structure of stable pH combination electrode 

the electrode body with ceramic junctions is 12 
mm. 

The pH flow cell developed is shown in Fig. 3. 
The flow cell consisted of an acrylic resin body and 

pH flow cell 

Fig. 3. Structure of flow cell for pH 

a spiral glass tube to keep the temperature con- 
stant. The sample from the sample inlet was kept 
at a constant temperature (25°C) in the spiral glass 
tube, passing by way of the glass membrane and 
the ceramic liquid junction and being exhausted 
from the sample outlet. The length of the glass 
spiral tube was about 60 cm. The distance passed 
by the sample from the sample vessel to the glass 
membrane was about 1 m. The diameter through- 
out the sample route was 1 mm and the volume of 
the sample passage was about 0.8 ml. The dead 
volume around the glass membrane was about 0.6 
ml. The flow cell has two narrow gaps, with a width 
of 2 mm and a depth of 0.5 mm, to separate the 
glass membrane from the liquid junction, because 
if KC1 diffused from the liquid junction and con- 
tact with the glass membrane some errors would 
occur in pH measurements. The diameter of the 
flow cell was 66 mm and the height was 140 mm. 

3.5. Development of’ higIl-resolution pH meter 

A block diagram of the pH meter developed is 
shown in Fig. 4. The operational amplifier for con- 
version from the high-impedance e.m.f. of the glass 
membrane to the low-impedance output voltage 
was used as an analog amplifier. An analog-to-dig- 
ital converter (ADC) of double integral type was 
used as an 1 S-bit ADC; 18 bits of the digital signal 
corresponded to f 500 mV of e.m.f. The sampling 
time of the ADC was about 1 s. One-bit resolution 
was corresponded to 0.0019 mV. The e.m.f. was 
always referred to the reference voltage (0 and 500 
mV). The pH meter has a function of two-point 
calibration operated by the 8-bit central processor 
unit (CPU) by means of operational software 
written in Intel PLM Compiler. The unknown 
pH(X) value was determined by the multi-standard 
method from two standard solutions of pH(X, ) 
and pH(X, ). Furthermore, as the pH(X) value was 
very close to the pH(X, ) value, the difference 
between these values was determined very pre- 
cisely. The pH(X) value was calculated against E 
mV of the e.m.f. as shown in Eqs. (I), (2) and (3) 
where X, and E, correspond to the pH and the 
mV of the e.m.f. in the first-point calibration, 
respectively, and X, and El to those of the e.m.f. 
in the second-point calibration, respectively. 
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Fig. 3. Block diagram of precise pH meter. 

x= [W- X,,/(& - E,)](E- E,) + x, (1) 
When E, was changed to E, ’ by a repeated 
first-point calibration, the offset potential of the 
calibration curve was changed as follows: 

X = [(X2 - A’, ,I(E2 - E, )](E - E, ‘) + A’, (2) 

Further, when E2 was changed to E2’ by a re- 
peated second-point calibration, the offset poten- 
tial and the sensitivity (electrode slope) of the 
calibration curve were changed as follows: 

X=[(X,-X,)/(Ez’-E,‘)](E-E,‘)-tX, (3) 

All measurements were made at 25°C. The data 
on the e.m.f. and pH were sent to the personal 
computer through the RS-232C interface, and at 
the same time were recorded on the analog 
recorder through the 14-bit digital-to-analog con- 
verter. All operations of calibration and the mea- 
surement were made through the personal 
computer. 

Fig. 5 shows the pH-measuring flow system. 
The sample was sucked and carried into the flow 
cell by the peristaltic pump located downstream. 
Water was circulated at 2 1 min ’ between the 
thermostat and the water-jacket of the How cell 
and was maintained at 25 f 0.03”C. The flow cell 

body and the sample vessel were situated in an 
air-conditioned room. The relationship between 
the sample flow rate and the ambient tempreature 
was studied. The sample flow rate was examined 
between 0.5 and 6 ml min ‘. The characteristics 
of the thermal exchange in the flow cell were 
examined against the change in the ambient tem- 
perature. The sample vessel was purged with ni- 
trogen to prevent contamination by atmospheric 
carbon dioxide. The e.m.f. of the pH electrode 
measured by the pH meter was recorded and 
collected by the analog recorder and the personal 
computer. 

The procedure for verification of the prepared 
pH standard solution with the primary pH stan- 
dard solution is as follows. First, the pH meter is 
calibrated by two kinds of primary pH standard 
solutions, the first-point calibration using one 
with same pH value and the second-point calibra- 
tion with one with another pH value, which is 
usually different by several pH units. For exam- 
ple, if the prepared phosphate pH standard 
equimolal solution (pH 6.865) is verified, the first- 
point calibration of the pH meter is executed 
beforehand using the phosphate primary pH stan- 
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AllalOg- 
recorder 

pH electrode ‘11: Thermostat 

Sample vessel Flow cell Pump I 

Nmyn cylmder waste 

Fig. 5. Precise pH-measuring flow system for pH standard solutions 

dard equimolal solution (pH 6.865) and the sec- 
ond-point calibration is executed with the phtha- 
late primary pH standard solution (pH 4.008). 
These calibrations were repeated several times 
until the measured value corresponded to the 
value of the standard solution within + 0.0002 
pH. Subsequently, a prepared pH standard solu- 
tion was measured. When many samples were 
measured, the first-pont calibration was repeated 
after every few measurements and each set of data 
was corrected by interpolation from the difference 
between two of the first-point calibrations. The 
measurement was considered to have reached the 
final value when the e.m.f. remained constant 
within + 0.0002 pH for 5 min. 

4. Results and discussion 

4.1. Eflect of sample jh~, rate 

Each pH standard solution has a temperature 
coefficient. Near 25°C the temperature co- 
efficients of the oxalate pH standard solution (pH 
1.679). the phthalate pH standard solution (pH 
4.008) the phosphate pH standard equimolal so- 
lution (pH 6.865) the phosphate pH standard 
solution (pH 7.413) the tetraborate pH standard 
solution (pH 9.180) and the carbonate pH stan- 
dard solution (pH 10.012) are 0.001, 0.0012, - 
0.0028, - 0.0028, - 0.0082 and - 0.0096 pH 

“C ‘, respectively [2]. The calculated temperature 
values which give a 0.0001 pH error are 0.100, 
0.083, -0.036, -0.036, -0.012 and - O.OlO”C, 
respectively. Therefore, the tempreature of the 
sample solution needed to be precisely controlled 
within _+ O.Ol”C. 

The relationship between the sample flow rate 
and the ambient temperature is shown in Fig. 6. 
The water in the water-jacket of the flow cell was 
controlled at 25 + 0.03”C. Lines 1, 2, 3, 4, 5, 6, 7 
and 8 represent ambient temperatures of 26, 24, 
27, 23, 28, 22. 29 and 21“C, respectively. When 
the sample flow rate was faster than 5 ml min ~ ‘. 

0 1 2 3 -t 5 6 7 

Flow Rate (mUmin) 

Fig. 6. Relationship between flow rate and temperature of 
sample. 
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Fig. 7. Response time of pH flow system under different 
conditions. 

the temperature control became worse owing to 
the inadequate temperature exchange capacity of 
the spiral glass tube. When the sample flow rate 
was lower than 2 ml min ~ ‘, temperature control 
was lost because of the effect of the temperature 
change due to the flow cell body. The tempera- 
ture of the sample remained constant in the flow 
rate range 2-5 ml min- ’ when the ambient tem- 
perature was controlled at 25 + 1.5”C and the 
circulating water in the flow cell was controlled 
at 25 * 0.03”C. 

4.2. Response time 

Fig. 7 shows the typical response time during 
measurement of the pH buffer solution using the 
present system. The response time was almost 
independent of the type of pH standard solution. 
The response time to the same type of pH stan- 
dard solution is usually lo-15 min (A), e.g. 
from the secondary phthalate pH standard solu- 
tion (pH 4.008) to the primary phthalate pH 
standard solution (pH 4.008). The response time 
in the case of the second-point calibration is 
usually 20-30 min (B), e.g. the primary oxalate 
pH standard solution (pH 1.679) to the primary 
phthalate pH standard solution (pH 4.008). 

4.3. Reproducibility 

In each of the six types of pH standard solu- 
tion, after the pH system had been calibrated by 
the primary pH standard solution, the secondary 
pH standard solution was measured. Ten repli- 
cate measurements were made and the standard 
deviations of the final values were claculated. 
The standard deviations of the oxalate pH stan- 
dard solution (pH 1.679), the phthalate pH stan- 
dard solution (pH 4.008). the phosphate pH 
standard equimolal solution (pH 6,865), the 
phosphate pH standard solution (pH 7.413), the 
tetraborate pH standard solution (pH 9.180) and 
the carbonate pH standard solution (pH 10.012) 
were + 0.0005, + 0.0005, + 0.0006, f 0.0006, 
+ 0.0004 and + 0.0004 pH, respectively. Al- 
though it seems that the phosphate standard so- 
lution is slightly inferior to the others, it can be 
concluded that overall reproducibility was i 
0.001 pH. 

4.4. Other jizctors injkencing precision 

The pH standard solutions as CRMs are re- 
quired to have a certified value of i 0.002 pH. 
The specification of a pH meter to verify them 
inevitably requires a reproducibility of k 0.001 
pH. There are some factors to be considered 
with regard to precise pH measurement. First, 
temperature control is the most important. Not 
only the sample temperature but also the ambi- 
ent temperature should be controlled precisely 
because the pH electrode is affected by the ambi- 
ent temperature in the electrode cap. Second, the 
maintenance of a smooth KC1 outflow and a 
clean liquid junction in the reference electrode is 
important, too. Third, the glass electrode should 
be renewed at least every 6 months because the 
response of the glass membrane gradually de- 
creases with time. Fourth, small air bubbles on 
the surface of the glass membrane can affect the 
stability of the e.m.f. and also, the formation of 
air bubbles is not desirable for stable pH mea- 
surements because the dead volume from the 
sample vessel to the flow cell increases and a 
smooth KC1 outflow might no longer apply. The 
formation of air bubbles on the glass membrane 
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can be effectively prevented by degassing the 
sample with an aspirator before measurements. 
In comparison with the classical cell of the hy- 
drogen gas electrode and the silver-silver chlo- 
ride electrode, the present pH measurement 
system seems to show improved reproducibility 
and response times in practical use. 

5. Conclusion 

We have constructed a precise pH measure- 
ment system for supporting the traceability of 
pH standard solutions in Japan, with the devel- 
opment of an improved pH meter, a pH glass 
electrode and a flow cell. This system was ap- 
plied to the measurement of pH standard solu- 
tions regulated by JIS and a reproducibility 
(standard deviation) of k 0.0006 pH was at- 
tained. We conclude that the present flow sys- 
tem for pH measurement is very useful for the 
certification of pH standard solutions in trace- 
ability systems. 
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Abstract 

A room-temperature phosphorimetric (RTP) method for the analysis of barbital. codeine, morphine and practolol 
after labelling with dansyl chloride (DNS-Cl) is described. The drug-DNS derivatives were obtained by refluxing with 
drug-ethyl acetate solutions and solid DNS-Cl in the presence of anhydrous potassium carbonate. The reaction 
conditions were investigated in detail. The fluorescence emission of drug-DNS derivatives shifted to longer 
wavelengths compared with that of DNS-Cl. The RTP phenomena observed for these derivatives by using a micellar 
stabilized room-temperature phosphorescence technique were examined and optimum conditions for their RTP 
emission were studied using an orthogonal array design. Derivative RTP spectra were obtained and successfully used 
to determine practolol by the established method without further separation. 

K~ww&: Addictive drugs: Dansyl chloride labelling; Room-temperature phosphorimetry 

1. Introduction 

Banned substances include narcotic and mental 
drugs and are sometimes abused by athletes to 
improve their physical performance in sport 
games and by drug addicts. On the other hand, 
some addictive drugs are very useful and essential 
in medical treatment. It is therefore very impor- 
tant to establish rapid, accurate and sensitive 
analytical methods for such drugs for the effective 
control of their illegal use in sport, for the confir- 
mation of drug addicts, for their monitoring dur- 
ing drug rehabilitation programmes and for 
therapeutic drug monitoring. 

* Corresponding author. 

Numerous methods have been established for 
addictive drug control. Gas chromatography 
(GC) [ 11, gas chromatographyymass spectrometry 
(GC-MS) [2], liquid chromatography (LC) [3] 
and radioimmunoassay [4] are some approved 
methods for drug screening. Alternative methods, 
including fluorimetric [.5] and phosphorimetric 
[6,7] detection, chemiluminescence methods [S] 
and enzyme and fluorescence immunoassay [9, lo], 
have also been developed. 

Room-temperature phosphorimetry (RTP), es- 
pecially the MS-RTP technique, is a recently 
developed method [l 1,121. Phosphorescence emis- 
sion usually appears at longer wavelengths than 
fluorescence, permitting selective detection in the 
presence of other fluorophores. The RTP tech- 

0039-9140;96/$15.00 :ca 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01905-4 
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nique also has the advantages of simplicity, good 
sensitivity and the possibility of automation. Fur- 
ther, MS-RTP is a fluid system, which has 
prompted its widespread application to various 
samples. RTP determinations of trace organic 
components [ 13,141 and proteins [ 151, which show 
suitable phosphorescence emission, have been re- 
ported. Although there has been a report of RTP 
studies of amino acids with fluorescamine la- 
belling [16], there has been little research work 
concerning phosphorescence labelling. The aim of 
this work was to apply the MS-RTP method to 
the determination of barbital, codeine, morphine 
and practolol with dansyl chloride (DNS-Cl) as a 
phosphorescence labelling reagent. 

Dansyl chloride is a well known fluorescence 
labelling reagent, reacting with amino phenolic 
and active hydroxyl groups under suitable experi- 
mental conditions. The RTP properties and the 
possibility of using DNS-Cl as a phosphorescence 
probe for amino acids have been reported [17]. In 
this work, an MS-RTP method for the analysis of 
addictive drugs with DNS-Cl labelling was estab- 
lished. The labelling conditions were studied in 
detail and some factors which affect the RTP 
emission of the drug DNS derivatives were stud- 
ied by an orthogonal array design. Derivative 
RTP spectra were used to determine the addictive 
drugs without further separation. 

2. Experimental 

2.1. Apparatus 

RTP spectra and fluorescence spectra were 
measured with a Perkin-Elmer LS-SOB lumines- 
cence spectrometer. When scanning phosphores- 
cence spectra, the delay time and the gate time 
were set at 0.1 and 2.0 ms, respectively; the excita- 
tion and the emission slit widths were set at 15 
and 20 nm respectively. When fluorescence spec- 
tra were recorded, both slit widths were set at 4 
nm. Derivative spectra were obtained automati- 
cally on the instrument. 

Phosphorescence lifetimes were obtained with 
phosphorescence short decay application of the 
instrument and the data were obtained automati- 
cally with an Enzfitter program. 

2.2. Reagents and solutions 

Barbital, codeine phosphate, morphine and 
practolol were reference chemicals, obtained from 
the National Laboratory of Narcotic Drugs, Na- 
tional Institute for the Control of Pharmaceutical 
and Biological Products (China). Stock solutions 
of lo- 3 M of the above drugs in ethyl acetate 
were prepared. DNS-Cl (Fluka) product was pur- 
chased from Baitai Biochemicals (China) and was 
used as received. Sodium dodecyl sulphate (SDS) 
was obtained from Beijing Chemical Factory 
(China) and was recrystallized twice with hot 
ethanol before use. Other chemicals were of ana- 
lytical-reagent grade. 

Deionized water was redistilled in a sub-boiling 
quartz distillation system and was used through- 
out the experiments. 

2.3. Lubelling procedure 

In a carefully dried 50 ml reaction vessel, 5 ml 
of 10 ~ 3 M drug in solution ethyl acetate, certain 
amounts of DNS-Cl solid and finely ground and 
dried K, CO, were mixed. The reaction mixture 
was heated with an air bath with continuous 
stirring for slow refluxing of the ethyl acetate. The 
labelling time was about 20 min for morphine and 
practolol and 60 min for baribtal and codeine. 
After the solid had been separated, ethyl acetate 
solutions of drug-DNS derivatives were analysed 
immediately or placed in a refrigerator at 4°C to 
prevent thermal or light decomposition. A la- 
belling blank was prepared at the same time by 
reaction with ethyl acetate solvent and DNS-Cl 
under the same experimental conditions. 

2.4. MS-RTP measurements 

A 0.5 ml volume of about 1.9 x lo-’ M drug- 
DNS derivative solution was transferred into a 
bottle placed in a thermostat. The solution was 
heated at 60°C to evaporate the solvent. The same 
amount of 0.2 M SDS solution was added and the 
mixture was shaken vigorously to dissolve the 
derivative. 

A 0.4 ml volume of the above solution was 
transferred into a 10 ml calorimetric tube, then 2 
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ml of02 M SDS solution, 2.5 ml of 0.1 M TlNO, 
solution (caution: thallium(I) salts are very toxic) 
and 2 ml of 0.1 M Na$O, solution were added. 
The mixture was diluted to a final volume of 8 ml 
with water, heated in a water bath at 30°C for 30 
min and the phosphorescence spectrum was 
recorded. The RTP spectrum of a DNS-Cl blank 
was also recorded for comparison. 

mixture was diluted to 10 ml with ethyl acetate. 
Two reaction blanks were prepared by reaction of 
3.0 and 1.7 mg of DNS-Cl with 10 ml of ethyl 
acetate under the same labelling conditions as 
stated above. Certain amounts of the supernants 
were placed in calorimetric tubes and the RTP 
intensities were measured as stated above under 
the otpimum experimental conditions. 

2.5. Quantitatioe analysis oj’practolol 
3. Results and discussion 

A series of 1.0, 1.5, 2.0 and 3.0 ml of 1.57 x 
10 - ’ M practolollethyl acetate solution were 
reacted with 3.0 mg of DNS-Cl in the presence of 
200 mg of solid Kz CO,, and 0.2 and 0.4 ml of the 
above practolol solutions were reacted with 1.6 
and 1.8 mg of DNS-Cl, respectively, in the pres- 
ence of 200 mg of solid Kz CO,, then the reaction 

Table I 

3. I, Luminescence properties of barbital, codeine, 
morphine and practolol 

The structures of the drugs studied and their 
luminescence properties are listed in Table 1. Ex- 
cept for practolol, the drugs show weak or 

Luminescence properties of the four addictive drugs studied (I .O x IO-’ M ethyl acetate solution) 

Drug Structure Fluorescence RTP 

i.,, Mm) 4,” (nm) RFI” SSRTPh MSRTP 

Codeine 

Morphine 

Practolol 

272 390 41 None None 

260, 284 340 215 None None 

260. 271, 292 344 253 None None 

None None 

* Relative fluorescence intensity. 
b Filter paper substrate room-temperature phosphorescence, measured on a Hitachi model 850 type fluorescence spectrophotometer. 
fitted with a phosphorescence accessory and a laboratory-made sample holder: I M lead acetate, 1 M potassium iodide and 1 M 
thallium(I) nitrate were tested as heavy atoms. 
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stronger fluorescence emission, but no RTP emis- 
sion was observed, so phosphorescence labelling is 
necessary for RTP studies of these drugs. Active 
groups (amino. phenolic and hydroxyl groups con- 
jugated with double bonds) are present in these 
molecules, so derivatization with DNS-Cl is possi- 
ble. 

The reaction of DNS-Cl with active groups (e.g. 
amino groups) and the hydrolysis of DNS-Cl 
could be expressed as shown in Scheme 1. 

It is clear that a basic medium is preferred in the 
labelling reaction to neutralize the hydrochloric 
acid product. Further, the hydrolysis of DNS-Cl 
will also proceed in basic conditions. It is therefore 
important to control the acidity of the reaction 
mixture. Several systems have been developed for 
the derivatization of various compounds with 
DNS-Cl. In this work, four derivatization systems 
were tested, namely the Na,CO,-NaHCO, buffer 
system [18], NaJO, medium with benzene extrac- 
tion [19], pyridine non-aqueous medium and ethyl 
acetate medium in the presence of solid K,CO, 
[20]. Except for the last system, these labelling 
methods either gave no DNS-Cl derivatives or the 
labelling reproducibility was not satisfactory. 
Therefore, the last system was selected and its 
reaction conditions were investigated in detail. 

First, the particle size, degree of drying and 
amount of K,CO, greatly affect the labelling pro- 

R 
+ H--N< 

H(R’) 

H$.. 
‘E? 

A3 

cedure. Only when finely ground, carefully dried 
K,CO, was used with continuous stirring and its 
amount exceeded the amount of DNS-Cl by 40- 
60-fold could all four drugs be labelled success- 
fully. This could be explained by phase-transfer 
catalysis of the labelling reaction. Adsorption 
desorption equilibria for the drug and for DNS-Cl 
between the solid K,CO, and the ethyl acetate 
solvent existed. Derivatization occured only when 
both the drug and DNS-Cl were adsorbed on 
K,CO, to obtain a base medium. Hence the ability 
of phase transfer would be weak when the amount 
of K&O, was not sufficient or the agitation was 
not thorough. A larger particle size of K&O, 
resulted in a small specific surface area and thus a 
low phase-transfer ability. The degree of drying of 
K&O, also greatly affected the labelling reaction 
because of the hydrolysis of DNS-Cl. Dansyl acid 
is the main by product of the labelling reaction, 
and even small amounts of water will affect the 
derivatization. All vessels and chemicals should 
therefore be dried carefully before the labelling 
process. An air bath was used instead of a water 
bath in our investigations. 

Second, the temperature of reaction, reaction 
time and amount of DNS-Cl also afIect the la- 
belling. A high temperature would induce thermal 
decomposition of the product and a low tempera- 
ture would increase the labelling time. An ade- 
quate temperature was 80°C to allow ethyl acetate 
to reflux slowly. In spite of drying of all the vessels 
and chemicals, trace amounts of water still existed 

[OH-I 
+ H-X /H 

+ 
0 

HCI 

Scheme I 
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and could not be neglected compared with the 
amounts of DNS-Cl and the drug. To prevent 
hydrolysis of DNS-Cl, the shorter the reaction 
time, the more complete is the derivatization. Our 
results showed that 20 min is needed for derivatiza- 
tion of the highly reactive drugs morphine and 
practolol and 60 min for the less reactive drugs 
barbital and codeine. Although an excess of DNS- 
Cl will be beneficial for quatitative derivatization 
of the drugs and decrease the effect of hydrolysis, 
an excess of drug instead of DNS-Cl is used to 
prevent separation in the subsequent RTP mea- 
surements. Solid DNS-Cl was used directly be- 
cause of the restricted dissolution of DNS-Cl in 
ethyl acetate. 

3.3. Fluorrscet~~ spectru of chug- DNS 
derivatives 

Fluorescence spectra of the derivatives and 
DNS-Cl solutions in ethyl acetate were measured 
to confirm the labelling products. The results are 
summarized in Table 2. The emission wavelengths 
of the four derivatives were red shifted by 9-32 nm 
compared with that of DNS-Cl, indicating the 
formation of drug-DNS derivatives. It should be 
noted that the low-reactive codeine was success- 
fully labelled under our experimental conditions, 
whereas its labelling was impossible in earlier study 

[181. 

3.4. Room-fetywrature phosphorrscen~t~ 
phenotnena oj’ drug- DNS derivatives 

The RTP properties of the four drug-DNS 
derivatives were investigated using an MS-RTP 

Table 2 
Fluorescence properties of drug-DNS derivatives 

Substance” 

DNS-Cl 
Barbital-DNS 
Codeine- DNS 
Morphine-DNS 
Practolol-DNS 

A,, (nm) i,,,, (nm) 
_____~ 

328 496 
346 505 
328 505 
346 528 
346 525 

3 The concentration of DNS-CL was 2.0 x IO-’ M and the 
amounts of the drugs exceeded that of DNS-Cl 3-4-fold. 

method. No RTP emission was obtained when the 
ethyl acetate solutions of the derivatives were 
treated with SDS micelles, TlNO, heavy atom 
perturber and Na,SO, oxygen scavenger. It is 
considered that the existence of the organic solvent 
ethyl acetate would compete with the derivative for 
the protecting hydrophobic area and would in- 
crease the distance between the derivative and the 
heavy atom. These adverse eflects of ethyl acetate 
resulted in no RTP emission. However, RTP emis- 
sion was successfully observed for barbital-- 
codeine- and practolol-DNS derivatives when the 
ethyl acetate was evaporated and the derivatives 
were redissolved in SDS micelles. RTP emission of 
morphine-DNS derivative was not observed un- 
der the same experimental conditions. and also no 
fluorescence of the SDS solution of its derivative 
after evaporation of the ethyl acetate was ob- 
served. The reason may be the thermal decomposi- 
tion of morphine+DNS during the evaporation 
process or its poor solubility in SDS solution. 
Investigations of this aspect are in progress. 

The RTP spectra and their first-derivative spec- 
tra of barbital-, codeine- and practolol-DNS are 
compared in Fig. 1. RTP determinations of the 
three drugs without separation of the reagent are 
possible using their first-derivative RTP intensities 
at fixed wavelengths at which the first-derivative 
RTP intensity of DNS-Cl was zero. The phospho- 
rescence lifetimes for barbital-. codeine- and 
practolol--DNS are 0.543, 0.311 and 0.791 ms, 
respectively. 

3.5. Optitttutt~ conditions jbr th RTP qf’ 
dtwgm DNS dwivatives 

Developed by Cline-Love and Shaver [ll], the 
MS-RTP method is one of the most important 
techniques for the RTP analysis of solutions. Sev- 
eral factors, such as concentrations and amounts 
of SDS. TlNO, and Na, SO,, deoxygenation time 
and temperature, are stated to be important factors 
which strongly affect the RTP intensities of phos- 
phors. In this work. an orthogonal array design 
[21] was employed to evaluate the optimum values 
of these factors. Sixteen experiments were per- 
formed with a five-factor. four-level orthogonal 
array design (Table 3; the deoxygenation time 
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Fig. 1. RTP spectra (1) and first-derivative spectra (2) for 
drug-DNS derivatives and DNS-Cl. Ip = phosphorescence 
intensity; Idp = first-derivative phosphorescence intensity; B = 
barbital-DNS: C = codeine+DNS: P = practololLDNS: D = 
DNS-Cl. 

was fixed at 30 min). The results of these experi- 
ments were analysed by graphic interpretation. 
Thus, average RTP intensities for a certain factor 
at different levels were separately calculated; such 
average RTP intensities were taken as functions of 
the factors and the results were expressed as 
graphs. The following comments can be made. 

The effects of SDS concentration are shown in 
Fig. 2. It can be seen that when the concentration 
of SDS was higher than 0.04 M, the RTP intensi- 
ties of the three drug derivatives reached maxima. 
It is essential that the concentration of SDS be 
much higher than its critical micellar concentra- 
tion (CMD) to give enough micelles to provide a 
protecting microenvironment for the RTP emis- 
sion of phosphors. In subsequent experiments, 
0.08 M SDS in the final solution was used. 
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Fig. 2. EtTects of SDS concentration on the RTP intensities of 
drug-DNS derivatives. Abbreviations as in Fig. I. 

Thallium(I) nitrate is an external heavy atom 
perturber; it enhances the intersystem crossing 
from singlet to triplet and thus increases the phos- 
phorescence emission. When the concentration of 
TlNO, was higher than 0.075 M in the measuring 
solution, the RTP intensities remained maxima. 
Another important factor is the concentration and 
amount of Na,SO,. Oxygen is a strong phospho- 
rescence quenching agent, and its removal is al- 
ways necessary in RTP measurements. Sodium 
sulphite is an effective oxygen scavenger [12], but 
its deoxygenation efficiency depends on the con- 
centration of Na,SO, and on the Tl/Na ratio (the 
molar ratio of Tl to the sum of Tl and Na) in the 
solution. The deoxygenation effect was not good 
when its concentration was too low or was too 
high for the replacement of the Tl+ ions on the 
surface of the micelles by the Na+ ions. Fig. 3 
shows the effects of TljNa on the RTP intensities 
of the drug derivatives. Suitable molar ratios were 
26% for barbital-DNS 30% for codeine-DNS 
and 29% for practolol-DNS. 

The effects of temperature were also studied. 
The RTP intensities decreased as the temperature 
increased because of the increase in radiationless 
transitions at higher temperatures. In this study, 
30°C was chosen as the measuring temperature 
for easy temperature control even in the hot sum- 
mer season. On the other hand, it is an important 
advantage of the proposed method that strong 

Fig. 3. Effects of TIjNa on the RTP intensities of drug-DNS 
derivatives. TI:Na = molar ratio of Tl to the sum of Tl and 
Na; other abbreviations as in Fig. I. 

enough RTP intensities for the drug-DNS deriva- 
tives were obtained at such a high temperature. 

3.6. Qumtitatiw analysis 

From Fig. 1, it can be seen that the phospho- 
rescence emission of the druggDNS derivatives 
was red-shifted by 14-26 nm compared with that 
of the DNS-Cl blank. If the wavelength at which 
the derivative RTP intensity of DNS-Cl was zero 
was chosen as the detection wavelength, the first- 
derivative RTP intensity at the wavelength was 
due only to the drug derivative. Hence the first- 
derivative spectra can be used for quantitation 
without prior separation of the excess reagent. 
Fig. l(2) shows that all three drugs could be 
analysed using this method. 

In this paper, quantitation of practolol was 
chosen as an example. A 2-20-fold excess of 
DNS-Cl was used and the reagent blanks were 
prepared correspondingly. Our results show that 
in the practolol concentration range 1.9 x 10 ‘- 
2.8 x 10 J M, the calibration graph was a 
straight line passing through the origin. The cor- 
relation coefficient was 0.993. The detection limit 
of practolol calculated as three times the standard 
deviation of the blank (five repeated labelling 
reactions and RTP detection experiments) divided 
by the slope of the calibration graph was 0.19 
wm. 
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Abstract 

A highly sensitive and selective spectrofluorimetric method for the determination of 0.05-2.00 fig germanium is 
described. Germanium is treated with chromotropic acid at pH 2.5 and the resultant anionic complex is extracted as 
an ion pair with rhodamine B into toluene. Addition of butanol to the organic extract releases the fluorescent dye and 
facilitates its measurement at 570 nm after exciting at 540 nm. The method provides a detection limit of 0.003 pg 
ml ~ ’ and is virtually free from interference from extraneous ions. The relative standard deviaiton is 2.9% for ten 
determinations of 1.0 pg germanium. The method has been applied to the determination of germanium in various 
ores, minerals and rock samples. 

Keywords: Chromotropic acid; Germanium; Ion association complex; Rhodamine B; Spectrofluorimetry 

1. Introduction 

The determination of germanium by generation 
as its hydride and subsequent measurement by 
atomic absorption spectrometry [l&3] or direct 
current plasma atomic emission spectrometry [4,5] 
is potentially advantageous as the methods are 
rapid, require minimum sample pretreatment and 
are sensitive at the nanogram level. Unfortu- 
nately, the presence of heavy metals such as Fe, 
Pb, Cd, Zn and Cu proved troublesome as they 

* Corresponding author. Fax: ( + 9 I ) 44-235-0509. 

were found to affect the evolution of germane [3]. 
An added disadvantage of atomic absorption 
spectrometry is the loss of part of the germanium 
as volatile GeO, which affects the reproducibility 
[6]. Addition of certain amino acids, however, has 
been shown to improve the performance of the 
d.c. plasma technique [4,7]. The spectrophotomet- 
ric method using phenylflucrone, although useful 
for determining concentrations of germanium as 
low as 0.01 pg ml - ’ [8], lacks selectivity and 
hence necessitates prior separation of germanium 
either by distillation or extraction [9]. 

Spectrofluorimetric methods based on the reac- 
tion of germanium with resacetophenone [lo], 

0039-9140/96/$15.00 Q 1996 Elsevier Science B.V. All rights reserved 
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benzoin [ 111, quercetin [ 121, 3,7-dihydroxy flavone 
[13] and resarzon [14] have been reported. The 
reaction with 3,7-dihydroxy flavone is perhaps the 
most sensitive (detection limit 0.002 /lg ml-‘) 
but, like other reactions, it is unselective and 
necessitates separation as a tetrachloride by ex- 
traction prior to determination. The quenching 
effect of Ge(IV) on the fluorescence intensity of 
o-chlorophenylfluorone has also been evaluated 
for its determination [15]. This method is slow 
and subject to a wide range of interferences. 

The ability of germanium to react with hydroxy 
compounds to form anionic complexes is well 
known [16]. The reaction of germanium with 
chromotropic acid [ 171 appeared to offer analyti- 
cal advantages as the resulting anionic complex 
was selectively extracted as an ion pair with rho- 
damine B into toluene. This finding, coupled with 
the fact that the addition of oxygen-containing 
solvents such as butanol resulted in complete dis- 
sociation of the ion association complex to release 
the fluorescent dye, suggested that the reaction 
could form the basis for the fluorimetric determi- 
nation of germanium. This paper summarises the 
results of the evaluation of such a possibility. It 
was found that as little as 50 ng of germanium 
can be determined in the presence of many extra- 
neous ions and the method can be applied directly 
to determination of germanium in minerals. 
rocks, and other geological materials. 

2. Experimental 

2.1. Appuru tus 

An Aminco Bowman spectrofluorimeter pro- 
vided with a 250 VA xenon arc lamp was used for 
all fluorescence measurements. Slit widths of 5 
mm for the excitation monochromator and 0.5 
mm for the emission monochromator were em- 
ployed for fluorescence measurements using a 1 
cm quartz cell with polished sides and bottom. A 
standard 10 ,Llg ml ~ ’ quinine sulphate solution in 
0.1 N H,SO, was used to standardise the source 
intensity daily. 

2.2. Reagents 

22.1. Standard germanium(IV’) solution 
(100 pg iH-‘) 

Dissolve 0.1441 g of germanium dioxide by 
heating gently with 20 ml of 2% NaOH. Transfer 
the solution to a 1 1 standard flask and dilute to 
volume with distilled water. A suitable volume of 
this solution is diluted to obtain working stan- 
drds. 

2.2.2. Glycine bu@r @H 2.5) 
Dissolve 5 g of glycine and 3.896 g of NaCl in 

666 ml of distilled water. Transfer the solution to 
a 1 1 standard flask and dilute to volume with 0.1 
N HCl. 

Chromotropic acid (0.01%; aqueous solution), 
Rhodamine B (0.02%; aqueous solution), toluene 
and n-butanol (both analytical grade) were used. 

2.3. Procedure 

Transfer the sample solution ( < 15 ml) contain- 
ing up to 2 ,Llg of Ge(IV) into a 60 ml separatory 
funnel. Add 1 ml each of 0.01% chromotropic 
acid, 0.02% rhodamine B and 3 ml glycine buffer. 
After a reaction time of 5 min, equilibrate the 
aqueous phase with 5 ml of toluene for 1 min. 
Allow the phases to separate and discard the 
aqueous phase. Wash the organic phase twice 
with 5 ml of glycine buffer and discard the wash- 
ings. Mix 2.5 ml of the organic extract with 2.5 ml 
of butanol and measure the fluorescence intensity 
at 570 nm after exciting at 540 nm. Subtract the 
blank reading and establish the concentration of 
germanium by reference to a calibration graph 
prepared by applying the procedure to 0.05-2.00 
Llg of Ge(IV) in aqueous solution. 

3. Spectral characteristics and reaction conditions 

The excitation and emission spectra of the 
reagent blank and the ion associate in the pres- 
ence of various concentrations of germanium are 
shown in Fig. 1. It is evident that the emission is 
a maximum at 570 nm and that there are three 
excitation maxima at 540 nm, 310 nm and 360 nm 
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Fig. 1. Excitation (A) and emission (B E) spectra. (A) I .O ,ug 
of Ge(lV). 1 ml. 0.01% chromotropic acid. pH 2.5. I ml. 0.02’%1 
Rhodamine B treated as in Section 2.3. (B) 0, (C) 0.5, (D) 0.75 
and (E) 1 .O /cg of Ge(IV), 1 ml. 0.01% chromotropic acid, I 
ml. 0.02’KN Rhodamine B, pH 2.5. treated as in Section 2.3. 

Fig. 3. Elect of Rhodamine B concentration: 1.0 1l.g of 
Ge(IV). 1 ml of 0.01% chromotropic acid, 0.25-2.5 ml of 
0.02% Rhodamine B. treated as in Section 2.3. 

The fluorescence intensity reached a maximum 
only when the ion pair was extracted after a 
reaction time of at least 5 min. Under the reac- 
tion conditions, a significant amount of the dye 
was found to coextract into toluene, which re- 
sulted in a high blank. However, washing the 
organic extract twice with the glycine buffer was 
found to be effective for stripping the free dye 
selectively from the toluene layer. 

(in order of decreasing prominence). As the 
fluorescence intensity was a maximum with exc- 
tation at 540 nm, it was decided to use this 
wavelength for excitation purposes. 

Systematic study revealed that the fluorescence 
intensity is unaffected in the pH range 2.0-3.0. 
The influence of chromotropic acid and rho- 
damine B concentration is shown in Figs. 2 and 
3 respectively. On the basis of these studies, 1 
ml each of a 0.01”/;1 solution of chromotropic 
acid and a 0.02% solution of rhodamine B were 
chosen as optimal. 

I 4&o f---- 

I , I I 1 1 
05 1.0 1.5 2.0 2.5 

ml of chromotrcqic acid (0.02%) 

Fig. 2. Effect of chromotropic acid concentration: 1.0 bg of 
Ge(IV). I.0 ml 0.02% Rhodamine B, 0.25- 2.5 ml 0.02”>,I 
chromotropic acid pH 2.5. treated as in Section 2.3. 

Of the solvents examined-benzene, toluene, 
cyclohexane, hexane, carbon tetrachloride and 
chlorofornPextraction of the ion pair was 
quantitative only into benzene and toluene. 1 
min equilibration was sufficient for complete ex- 
traction. which remained unaffected up to an 
aqueous volume of 20 ml. The addition of ace- 
tone, methanol, isobutyl methyl ketone and 
methyl ethyl ketone to the toluene layer was 
found to be as effective as the addition of bu- 
tanol to break the ion pair and release the 
fluorescent dye. The fluorescence intensity of the 
liberated rhodamine B was stable for 4 h and 
varied linearly with germanium concentration in 
the range 0.05-2.00 Llg in 20 ml of the aqueous 
phase. 

The precision of the proposed method was 
checked by establishing the concentration of ten 
samples containing 1.0 jrg Ge(IV). The mean 
recovery was found to be 97.1% with a relative 
standard deviation of 2.9”/;,. 

Both mole ratio and continuous variation 
methods indicated that the molar ratios of ger- 
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Table 1 
Effect of foreign ions on the determination of 1.0 pg of Ge(IV) 

Ions tested (1 mg)” Remarks 

AsO,‘-, AsO, ‘-, Mg’+, Ca’+, CO’+, Ni’+, Cu’+. Sb’+. Zn’+, Fez+, 
Crz O,‘-, SeO, ‘-. TeO, I-, Bi’+. Al”. SiO, ‘-, TiO’+. Mn’+, F-, Pb’+, 
Cd’+, HE’+, Sn’+, Sn4+, Ba”+, Mg’+, Tl*, Tl?+, Ce4+, VO, -, Cr’+, W@-, 
PO, ‘-, In’+, Li+, Be*+ 

No interference 

BO, ‘- (400) MOO, ‘- (400) 

F$+ 

Enhanced the fluorescence intensity 

Decreased the fluorescence intensity 

a Tolerance limits (pg) are given in parentheses. 

manium to chromotropic acid and germanium 
to rhodamine B were 1: 1 and 1:2 respectively. 
This suggested that in the presence of excess 
chromotropic acid (CA) germanium forms 
[GeO(CA)]* ~, which then associates with two 
molecules of rhodamine B to extract as an ion 
pair into toluene. 

3.1. EfSect of diuerse ions 

A systematic study of the influence of 1 mg 
amounts of several ions in the determination of 
1.0 pg germanium was carried out. Table 1 lists 
the effects of various ions on the analytical reac- 
tion. 

Table 2 
Determination of germanium in minerals and geological samples 

Sample Amount present” 
(wt.~vol) (Pg ii-‘) 

Anorthosite AN-G (ROGOVI)’ (46.3% SiO, , 29.8% 
Al,O,, 3.1% Fe,O,, 15.9% CaO) (1.5 g 25 ml) 

Iron formation sample IF-G ‘(84GOVI) (70.3% 
SiOz, 55.8% FezO,, 1.5% CaO, 1.9% MgO) (1.0 
g 25 ml) 

0.80 

24.00 

Granite AC-E (87GOVl)’ (70.3% SiOz. 14.7% 
AlzOX , 2.5% FeZO,, 6.5%1 Na,O. 4.5% K,O) 
(2.0 g 25 ml) 

2.30 

Basalt BE-N (8OGOVl~ (38.2% Si02,10.1’X, 1.20 
Al,O,, 12.8% Fe,O,. 13.1% MgO) (2.0 g 25 ml) 

Galena - 

(2.0 g 25 ml) 
Sphalerite 

(1.0 g 25 ml) 
Rhyolite - 

(1.0 g 25 ml) 
Bauxite - 

(1.0 g 25 ml) 

Amount found (pg gg’) 

Proposed methodb Phenylfluorone method 

0.83 k 0.01 0.83 

23.62 k 0.01 23.61 

2.30 k 0.05 2.22 

1.22 + 0.01 1.24 

0.66 f 0.01 0.58 

1.57 + 0.01 1.57 

2.51 + 0.05 2.53 

2.13 kO.03 2.20 

* Proposed values. 
b Mean and standard deviation for three values. 
’ Geostandards reference materials, 
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The interference of Fe’+ was overcome by the 
addition of 1 ml of a lo% solution of ascorbic acid 
prior to the determination. Molybdate and bo- 
rate, when present in excess of tolerance amounts, 
were overcome by the addition of 1 ml of 0.1% 
solution of fluoride. 

4. Applications 

The determination of the germanium content of 
a variety of geological and ore samples was car- 
ried out using the proposed method and the re- 
sults are listed in Table 2. 

Samples were brought into solution following 
the procedure described elsewhere [ 181. Appropri- 
ate amounts of the samples (1.0-2.0 g) were 
initially heated for 10 min with 10 ml each of 16 
N H,SO, and concentrated HNO, in a platinum 
crucible. The contents were allowed to cool 
treated with 10 ml of HF and then heated to SO, 
fumes. The residue, after cooling, was treated with 
10 ml of distilled water, heated to dissolve the 
soluble salts and made up to a known volume. 
The determination was completed by treating suit- 
able aliquots with 1 ml each of a 0.1% solution of 
sodium fluoride and a l.O’% solution of ascorbic 
acid. The results, and those obtained by spec- 
trophotometry using the phenylfluorone method 
after extractive separation of germanium as 
GeCl, [9], are given in Table 2. The data clearly 
show that the method is reliable for the determi- 
nation of germanium in these samples. 

5. Conclusion 

The method described provides a simple, rapid 
and reliable means of determining trace amounts 
of germanium by spectrofluorimetry. Unlike most 
methods, including the one based on the reaction 
with morin [ 191 which required prior separation of 
germanium by extraction, the method evolved is 

virtually free from interferences as the deleterious 
effect of a few ions could be conveniently over- 
come by the addition of appropriate reagent solu- 
tions prior to determination. The application of 
the method to a variety of geological and mineral 
samples clearly demonstrates its usefulness for the 
determination of germanium at trace levels in 
complex matrices. 
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Abstract 

An evolving factor analysis procedure with concentration constraints (gradient concentration window) was applied 
to the analysis of data sets of aqueous Fourier transform infrared (FT-IR) spectra of carboxylic acids (acetic, malonic 
and succinic acids) collected in experiments with varying pH. Besides the calculation of the number of acid-base 
systems, this procedure allowed the calculation of the FT-IR spectra of the acid-base species present in equilibrium 
as well as the corresponding pK, values. 

Kr~~o~rls: Acid-base properties; Aqueous FT-IR: Carboxylic acids: Evolving factor analysis 

1. Introduction 

The qualitative or quantitative analysis of spe- 
cies in aqueous solutions by Fourier transform 
infrared spectroscopy (FT-IR) with a suitable ac- 
cessory, either a transmittance or an ATR-based 
cell, has received increased interest in recent years 
[l-14]. One of the most important aspects of 
FT-IR is that it allows the determination of the 
molecular status of the substances under examina- 
tion [ 15- 191. Structural transformations can be 
easily investigated because a lot of information 
exists concerning infrared band assignment [ 191. 
In contrast, quantitative aqueous FT-IR analysis 

* Corresponding author. 

has been less frequently applied, probably because 
it usually implies complex situations involving one 
or more spectral sets, with each spectrum consti- 
tuted of a large number of bands, some of which 
are often overlapping. Moreover, only in rare 
instances have chemometric techniques such as 
multivariate calibration and self-modeling curve 
resolution been applied to quantitative aqueous 
FT-IR analysis [4,20]. 

A previous study [13] showed the potential of 
FT-IR for the analysis of the molecular transfor- 
mations that occur in acid-base aqueous reac- 
tions, when coupled to chemometric methods of 
principal component analysis (PCA) to treat sets 
of spectra obtained at variable pH. However, the 
spectral information was not fully explored and 

0039-9140~96~S15.00 ‘3 1996 Elsevier Science B.V. All rights reserved 
PI1 SOO39-9 140(96)0 19 I I-X 
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Table 1 
Parameters of gaussian curves used as a basic set for the 
simulation of spectra 

Species Position Width Height 

Siml (0.2 M monoprotic acid with pK., = 4.5) 
Constant 1.50 1 .O 0.3 

1.32 0.02 0.15 

AH 1 .?U 0.02 0.3 

A- 1.56 0.02 0.5 

1.42 0.03 0.3 
1.35 0.015 0.2 

Sim2 (0.2 M diprotic acid with pK,,, = 7.8 and pK,,, = 4.5) 
Constant 1.50 I .o 0.3 

1.40 0.03 0.09 

AH, 1.33 0.02 0.2 

1.30 0.02 0.15 

1.21 0.02 0.1 

AH- 1.55 O.Ul5 0.5 

1.37 0.01 0.3 

A’ 1.55 0.015 1 .O 
1.37 0.01 0.6 

1.26 0.01 0.1 

Abs 

.I6 

a. Wovenumber 

Abs. 

only the number of components was calculated 
by PCA. Indeed, the IR spectra of the detected 
components contain the most useful information 
about the structural transformation induced by 
the experimental factor variation, in this case 
the pH, and thus deserve further exploration. 

.i6- 

A procedure for the transformation of the ab- 
stract information obtained from the PCA of 
synchronous fluorescence (SyF) spectral data 
collected as a function of the pH was developed 
recently [21]. It is based on evolving factor anal- 
ysis (EFA) with concentration constraints (EFA 
with a gradient concentration window, GCW) 
and allows the characterization (spectral data 
and acid-base properties) of the acid-base sys- 
tems in the data set under analysis. Contrary to 
IR spectroscopy, little information exists about 
band assignment in SyF spectroscopy, due to 
both the restricted application of this technique 
and the more complex correlation of fluores- 
cence spectra characteristics with molecular 
parameters. This limitation reduces the utility of 
the calculated SyF spectra in absolute terms, al- 

b. Wavenumber 

Fig. I. Simulated FT-IR spectra as function of pH: (a) Siml: 
(b) Sim?. 

though they proved to be very adequate for 
comparative studies [2 l-241. 

This paper reports further studies of the spec- 
troscopic analysis of systems in chemical equi- 
librium, more precisely the application of EFA 
with a GCW to sets of FT-IR spectra of 
aqueous solutions of carboxylic acids, collected 
at varying pH. The objectives of the present 
study were: (i) to evaluate the application of 
relatively simple chemometric data analysis 
(PCA and EFA) to quantitative FT-IR; (ii) to 
study the application of EFA with a GCW for 
the analysis of aqueous FT-IR data, particularly 
for the calculation of the spectral data of the 
components of mixtures; and (iii) to develop in 

6.5 
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Fig. 2. Calculated FT-IR abstract spectra; (a) (c) Siml: (d)-(g) Sim? data set. 

more depth our previous study [13] of the FT-IR accessory (circle cell), to obtain better quality data 
characterization of the protolysis of carboxylic as a consequence of reduced sample manipulation. 
acids in aqueous solutions. An improved experi- Three carboxylic acids were selected for the 
mental methodology was used, based on a flow present study: a monoprotic acid (acetic acid): a 
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Table 2 
Eigenvalues analysis of the simulated data sets” 

i EV ‘%,V RE IE XE Ind 

1 19.253 
2 0.2561 
3 0.0005 
4 0.0005 

I 26.2507 
2 0.5782 
3 0.0076 
4 0.0006 
5 0.0005 

Siml (pH: 2.6, 6.01; 13 spectra)b 
98.664 0.00834 0.0023 I 0.00802 

1.313 0.00115 0.00045 0.00 IO6 
0.003 0.00114 0.00055 0.00100 
0.003 0.00112 0.00062 0.00093 

Sim? (pH: [1,8. 6.01; 17 spectra)’ 
97.780 0.01089 0.00264 0.01056 

2.154 0.00168 0.00058 0.00158 
0.028 0.00114 0.00048 0.00103 
0.002 0.00112 0.00054 0.00098 
0.002 0.0011 I 0.00060 0.00092 

5.79x 10-s 
9.53 x 10m6 
1.14x lo-’ 
1.38 x lo-’ 

4.25 x 10-s 
7.49 x 10-6 
5.81 x 10-b 
6.63 x 10m6 
7.68 x l0-h 

a i. number of eigenvalues; EV. eigenvalue; %V. percentage of variance of each EV: RE, real error: IE. imbedded error, XE. 
extracted error; Ind. factor indicator function. 
’ [...I. pH interval; and number of spectra used in calculations. 

diprotic acid with two well separated pKXs val- 
ues (malonic acid) and a diprotic acid with two 
very similar pK, s values (succinic acid). Two 
simulated data sets were also generated to assess 
the data analysis procedure with respect to the 
information provided for interpretation of the 
calculated spectra of the components. 

2. Experimental 

2.1. Sirnuluted FT-IR spectw 

FT-IR spectra were simulated by adding gaus- 
sian curves according to two schemes (Table 1): 

Table 3 

2.2. Reugents 

Evolution of the SSR as a function of the number of iterations Analytical-grade reagents were used for the 
(w) of the secondary EFA preparation of 0.2 M solutions of the acids in 

1.0-M sodium chloride. 
II Siml Sim2 Acid 

I 0.14651 0.10339 
2 0.00473 0.01397 
3 0.00472 0.00593 
4 0.00472 0.00584 

10 0.00470 0.00584 
20 0.00470 0.00584 
30 

Acetic Malonic Succinic 

0.86648 
0.00183 
0.00181 
0.00181 
0.00179 
0.00179 

I. 12506 0.80606 
0.00555 0.05043 
0.00423 0.03038 
0.00362 0.02117 
0.00282 0.00990 
0.0028 1 0.00910 
0.0028 I 0.00907 

Siml, monoprotic acid; Sim2, diprotic acid. 
Different spectral characteristics were considered 
in the design of these sets: in Siml, a 
monoprotic acid model, different sets of bands 

-- 
correspond to the acid and conjugated spectes; 
in Sim2, a diprotic acid model, besides different 
bands, the species AH ~ and A’- show two su- 
perimposed bands, at 1.55 and 1.37, although 
with different intensities. Moreover, both sets 
are constituted of some bands that do not vary 
with pH (“constant” in Table 1). These charac- 
teristics have been observed in experimental data 
sets, as discussed below. 

2.3. Experirnentul titrations 

Potentiometric titrations with pH measure- 
ment were conducted with d PC-controlled sys- 
tem assembled from a Crison MicropH 2002 
pHmeter, a Crison MicroBU 2030 microburette, 
an Ingold U262-S7/120 pH electrode and an In- 
gold 373-90-WTE-ISE-S7/105-120 reference elec- 
trode. The experiments were made under 
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Fig. 3. EFA solution for the simulated data sets: (A) FT-IR spectra of the varying components (positive and negative bands 
correspond respectively, to the conjugated base and acid species); (B) acid-base distribution diagrams (triangles and squares 
represent the first and second acid-base systems respectively; filled and open symbols represent the conjugated base and acid species 
respectively). 

nitrogen at 25.0 k 0.2”C. The cell was calibrated 
by titrating 25.00 ml of 1.0 M sodium chloride 
with a standard solution of 0.1 M nitric acid 
(Titrisol Merck). 

FT-IR spectra were recorded on a Nicolet 
Model 550 Magna operating in the mid-infrared 
range with a DTGS detector. The spectra were 
recorded in the 3000-800 cm- ’ range with a 4 
cm-’ resolution. 200 scans were accumulated. 

A Spectra-Tech micro-flow circle cell with a 
ZnSe crystal was used as sampling accessory, 
with a Gilson Minipuls 2 peristaltic pump to 
force the displacement of the sample to the Aow 
cell. 

All the spectra were obtained using a solution 
of 1.0 M sodium chloride as background. Spec- 
tral data were stored on disk and converted to 
ASCII format with LABCALC software (Galactic 
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Industries Co., USA). In the data analysis, re- 
duced spectra in the range 1600- 1000 cm- ‘, 
constituted of 312 points, were used. 

Titrations were simulated with a generic pro- 
gram for the simulation of potentiometric titra- 
tions in which the Newton-Raphson method is 
used for solving mass balance equations. At 
each pH value, the FT-IR spectrum was ob- 
tained by addition of the contributions of the 
acid and conjugated base species present. Simu- 
lated spectra were constituted of 312 points in 
the 1600- 1000 cm ’ range. 

For PCA and EFA, the covariance about the 
origin and the corresponding error functions 
[13,21,25] were used: RE. real error; IE, imbed- 
ded error; XE, extracted error; and Ind, factor 
indicator. 

All software developed in this laboratory was 
written and compiled with Turbo Pascal 5.0 
(Borland International, USA). An IBM AT- 
compatible computer with math coprocessor was 
used for calculations. 

3. Theory 

The calculation procedure for the EFA with a 
GCW has already been described previously [21] 
and only a brief summary will be given here. 
3.1. PCA and EFA plots 

The number of components (nc) is calculated 
by PCA [I 3,21,25] or its graphical representation 
as EFA plots (logarithm of the eigenvalues as a 
function of the number of spectra included in 
the calculations) [13,21.25,26] or from the analy- 
sis of the abstract spectra sets resulting from 
PCA. The first component corresponds to a 
constant spectrum and each of the others corre- 
sponds to an aciddbase system. The number of 
components is equal to one, corresponding to a 
constant section of the spectral data (the con- 
stant component), plus the number of compo- 
nents that show no linear relation (the varying 
components). 

-.02 1$000 

a. Wavenumber 

Abs. 6.5 

4.5 
PH 

I 1 , , , , ( 

b. 
1600 1400 1200 ,000 

Wavenumber 

Abs 

.3 

0 

1600 1400 1200 1000 
C. Wavenumber 

Fig. 4. Experimental FT-IR spectra as function of pH: (a) 

acetic acid; (b) malonic acid; (c) succinic acid. 



The GCWs for the second to the nc compo- 
nents are determined from the analysis of the 
forward and backward EFA plots. Two discrim- 
inating matrices Ds and Dz (ns x nc, where ns is 
the number of spectra and nc is the number of 
components in the data matrix) with the GCW 
information are defined by a two-model design: 
model “S”, the coefficients before the GCW are 
zero and those after the GCW are one; model 
“Z”, the coefficients before the GCW are one 
and those after the GCW are zero; in both ma- 
trices, the elements of the first column are equal 
to one (this column corresponds to the constant 
component) and the value of the coefficient in 
the GCW is 0.5. The “S” model follows the 
increase in concentration of the conjugated base 
as the pH is raised and the “Z” model the cor- 
responding decrease in concentration of the 
acid. 

3.2. Ecohing jirctor. mtrlysi,s (Srcondur~~ EFA) 

The discriminating matrices Ds and Dz, 
defined above. are used as a first guess for the 
concentration matrix C (ns x nc). The calcula- 
tion of the spectra of the components, or matrix 

Table 4 
Eigenvalues analysis of the experimental data sets” 

- 

i EV ‘XIV RE 

Acetic acid (pH: [2.6. 71: II spectra) 
1 3.9835 94.372 
2 0.2369 5.612 
3 0.0006 0.013 
4 0.0001 0.002 

Malonic acid (pH: [1.6. 71; 18 spectra) 
I 17.420 92.222 
2 I .2849 6.802 
3 0.1835 0.972 
4 0.0002 0.001 
5 0.0001 0.001 

Succinic acid (pH: [2.3. 81: 20 spectra) 
I 20.393 94.998 
2 I .0505 4.894 
3 0.0212 0.099 
4 0.0015 0.007 
5 0.0003 0.001 

0.00873 
0.00049 
0.00022 
0.000 I I 

0.01772 
0.00649 
0.00028 
0.00022 
0.00012 

0.01423 
u.00215 
0.00065 
0.00033 
0.00022 

Tahtu 43 (I!&%) 1443 13% 1449 

S (nc x np), and their concentrations, consists of 
the following iterative procedure [21,26,27]. 

s= (CTcy’CTF (1) 

C = FST( SST) - ’ (2) 

where F (ns x np) is the data matrix. The matrix 
C recalculated by this procedure is subjected to 
the following constraints: 

if D,, = 0 then C,,, = 0 (34 

D,,, = 1 then C,,, = 1 (3b) 

C,,, > 1 then C,,, = 1 (3c) 

C,., < 0 then C,, = 0 (3d) 

with i = 1 . ..nc and j = 1 . ..ns. With the new C 
matrix, the procedure is repeated until conver- 
gence is achieved. 

The quality of the iterative process is followed 
by the analysis of the sum of the squares of the 
residuals function (SSR): 

SSR = c, = 1.11s c; = 1 ,np (Ft.; ~ F:,,)’ (4) 

where F,, and F:,i are the experimental and esti- 
mated data respectively. 

IE XE Ind 

0.00263 0.00832 8.73 x IO- ’ 
0.00021 0.00044 6.07 x 10 ’ 
0.00012 o.ono19 3.51 x 10 ~’ 
0.00006 0.00009 2.18x IO ’ 

0.00443 0.01715 7.87x IO-? 
0.00229 0.00607 3.31 x 10 i 
0.00012 0.00026 1.68 x IO-” 
0.00011 0.00019 1.50x IO oh 
0.00007 0.00010 1.01 x lomh 

0.00335 0.01383 4.92x 10-S 
0.00072 u.00203 8.42 x IO-” 
0.00027 0.00059 2.89 x 10-e 
0.00015 0.00029 1.68 x IO- h 
0.00012 0.00019 1.32x 10-e 

” See footnotes in Table 2 
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The two sets of spectra, as well as the concen- 
tration profiles calculated with models “S” and 
“Z”, are analyzed as discussed in Ref. [21]. 

4. Results and discussion 

4.1. Simulated duta sets 

Figs. l(a) and l(b) show the two simulated 
FT-IR spectra sets. Different variations and the 

Wav*“YlnbeI 

I 
1600 1200 -7 

a 

Y  
0.000 
0 

-0.306 

Y  

0.060 

appearance and disappearance of bands are ob- 
served. The following procedure shows how the 
intrinsic underlying model of each data set can 
be calculated. 

4.1.1. PCA, EFA plots and abstruct spectra 
The first objective in the spectral data analysis 

is the calculation of the number of components. 
In this study three methods were used: eigenval- 
ues analysis, abstract spectra and EFA plots. 
Table 2 shows the results of the eigenvalues 

il 

16 0 

0.002 Y  

0.001 

0.000 
1 

0.001 

0.002 

Fig. 5. Calculated FT-IR abstract spectra for (a-d) acetic acid and (e-i) malonic acid 
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Fig. 5. (continued) 

analysis and Fig. 2 shows the abstract spectra 
for the two simulated data sets. The shapes of 
the EFA plots are similar to those reported in 
Ref. [13]. 

From the values in Table 2, two and three 
components are found for the Siml and Sim2 
data sets respectively, from the minima of the 
IE and Ind error functions and the stabilization 
of the RE and XE error functions. The EFA 
plots and the analysis of the abstract spectra of 
Fig. 2 gave the same information. Only the first 
two abstract spectra of Siml (Figs. 2(a) and 
2(b)) and the first three abstract spectra of Sim2 

(Figs. 2(d))2(f)) contain signals. The next ab- 
stract spectra of both Siml (Fig. 2(c)) and Sim2 
(Fig. 2(g)) contain only noise. The analysis of 
these noise spectra reveals that the random 
noise level is similar over the whole wavenum- 
ber range, as expected from the design of the 
simulations. 

The number of components found for the two 
simulated data sets agrees with those expected 
[13]. Indeed, the number of components is equal 
to the number of acid-base systems plus one, 
corresponding to a constant background spec- 
trum. 

4.1.2. Secondury EFA 
The information contained in the EFA plots 

was used to build the discrimination matrices 
[21] and the secondary EFA was performed. 
The iterative procedure converged quite rapidly 
(less than 20 iterations were required), as shown 
in Table 3. 

The calculated spectra (using model “S”) and 
concentration profiles for the varying compo- 
nents of the simulated data sets are shown in 
Fig. 3. The calculated spectrum for the constant 
component is not included because it contains 
no useful information about the bands that 
show variations upon change of PH. 

The calculation spectrum for the Siml simula- 
tion (Fig. 3(A)a) is composed of three positive 
bands and one negative band. The positive 
bands correspond to the conjugated base (its 
concentration increases with pH) and the nega- 
tive band to the acid. This result, as well as the 
positions and intensities of the bands, show per- 
fect agreement with the data used to generate 
Siml (Table 1). The analysis of the calculated 
first spectrum of Sim2 (Fig. 3(A)b) allows the 
identification of both positive and negative 
bands, explained as for the corresponding spec- 
trum of Siml (Fig. 3(A)a). In contrast, the cal- 
culated second spectrum of Sim2 (Fig. 3(A)c) 
shows only positive bands, namely those corre- 
sponding to the A’- species, while the two 
bands of the AH - species, which should be 
negative (similar to the positive bands of the 
first spectrum, Fig. 3(A)b), are not present. This 
is due to superposition of bands of AH- and 
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Fig. 6. Calculated FT-IR spectra of the barying components: (a) acetic acid: (b), (c) malonic acid: (d). (e) succinic acid. Positive and 
negative bands correspond to the conjugated base and acid species respectively. 

A’ Indeed, only the overall variation resulting EFA, because it allows an easier identification 
from the two opposite variations (increase in the of the spectral variations. 
A’-- and decrease in the AH concentration) is The analysis of the calculated concentration 
recorded in the calculated spectrum. profiles, which correspond to the aciddbase dis- 

The analysis of the spectra shown in Fig. tribution diagrams, allows the calculation of the 
3(A), which correspond to the varying compo- p&s values at the crossover points of the two 
nents, also reveals that the non-varying bands curves corresponding to each acid-base system 
are not accounted for. This is expected, because (at 50% ionization). Fig. 3(B)a,b shows that the 
these bands fall in the constant spectrum that calculated pK, s values reproduce exactly those 
corresponds to the first (constant) component. used to generate the simulated data, namely 
Indeed, the absence of contributions of non- pK, = 4.5 for Siml and pK,, = 2.8 and pK,, = 
varying bands is an important property of the 4.5 for Sim2. 
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Fig. 7. Calculated acid-base distribution diagrams: (a) acetic 
acid: (b) malonic acid; (c) succinic acid. Triangles and squares 
represent the first and second acid&base systems respectively; 
filled and open symbols represent the conjugated base and acid 
species respectively. 

In conclusion, the solution of the EFA with a 
GCW described rigorously the spectral varia- 
tions of the two simulated data sets. The posi- 
tion and shape of the varying bands, as well as 
the type of variation with the changing factor, 
pH in the present case, were properly recovered. 
The concentration profiles of the species were 
also rigorously determined, which allowed the 
calculation of the pK, s values of the intrinsic 
acid-base systems. 

4.2. Esperirmwtul c&cc sets 

Fig. 4 shows the FT-IR spectra of acetic, 
malonic and succinic acids as a function of pH 
in the 1800P 1000 cm ~’ range. Besides the exis- 
tence of several bands displaying different varia- 
tions with pH, a particularly high noise level is 
detectable around 1640 cm ‘. This is the posi- 
tion of the maximum of the FT-IR water spec- 
trum and, because this noise causes variations in 
the data which are difficult to model, the 1800- 
1600 cm ~ ’ wavenumber region was removed 
from all the spectra before data analysis. 

4.2.1. PCA, EFA plots md uhstruct sprctru 
Table 4 shows typical results obtained from 

the eigenvalue analysis of the experimental data 
sets. The determination of the number of com- 
ponents is not as straightforward as that for the 
simulated data sets. particularly because the IE 
and Ind error functions show no minima. Nev- 
ertheless, from the analysis of the RE and XE 
error functions and from the variations of eigen- 
value magnitude, the number of components is 
found to be two for acetic acid and three for 
the other two acids. Indeed, at these numbers of 
components, the RE and IE error functions sta- 
bilize their magnitudes and the eigenvalue that 
corresponds to the next component is much 
smaller than the previous one. These results are 
compatible with the EFA plots, as discussed 
previously [13], and with those found for the 
simulated data sets: the number of components 
in these data sets is also equal to the number of 
acid-base systems plus one. 

The analysis of the abstract spectra, shown in 
Fig. 5 for acetic and malonic acids as examples. 
supports these conclusions about the number of 
components. Indeed, for the acetic acid only the 
first two abstract spectra (Figs. 5(a) and 5(b)) 
clearly contain signals, while the third and 
fourth (Figs. 5(c) and 5(d)) correspond to noise. 
For malonic acid, the first three abstract spectra 
(Figs. S(e)-5(g)) contain information, but the 
following (Figs. 5(h) and 5(i)) correspond to 
noise. However, the type of noise present in the 
experimental sets is markedly different from that 
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Table 5 
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Characteristics of the calculated FT-IR spectra of the aciddbase species calculated with model “S”” 

Acid N sp Positive bands SP Negative bands 

1 2 3 I 2 3 4 5 

Acetic 1 A- 1553 1419 AH 1280 

Malonic 1 AH- 1581 1480 1374 AH, 1330 1299 1264 1220 1177 

2 AZ- 1561 1357 1259 AH- 1470 

Succinic 1 AH- 1560 1420 1410 AH, 1239 1180 
2 A’- 1552 1397 1297 AH- 1248 1212 1179 

” Position of the bands in cm-‘: number of the acid-base systems: Sp, acid-base species. 

in the simulated sets. Indeed, Figs. 5(c), 5(d), 
5(h) and 5(i) reveal a higher level of noise in the 
1600- 1300 cm ~- ’ range than for lower 
wavenumbers. This is due to the effect of the 
water band in these spectra. 

4.2.2. Secondury EFA 
The iterative procedure for the experimental 

data sets shows a pattern similar to that ob- 
served for the simulated data sets (see SRR 
function evolution as a function of the number 
of iterations in Table 3). The results of the sec- 
ondary EFA. namely the spectra (calculated 
with model “S”) and concentration profiles of 
the components, are shown in Figs. 6 and 7 

Table 6 
Comparison of the calculated pK~, s values with literature 
values” 

Acid 

Acetic 

Malonic 

Succinic 

Number of 
systems 

1 

2 

2 

PK, 

This workb 

4.5 

2.7 
5.0 

3.8 
5.0 

Literature 

4.55 

2.74 
5.11 

3.95 
5.05 

d Literature values of 25°C and I = 1 .O M with the exception 
of acetic acid (20°C) and succiric acid (I= 0.5 M) [28.29] 
b Precision of graphical estimate: i 0.1. 

respectively. The main characteristics of the cal- 
culated FT-IR spectra are shown in Table 5. 

The calculated spectra of the varying compo- 
nents show the following characteristics: (i) the 
existence of clear positive and negative bands 
(the positive are stronger than the negative) in 
the spectrum of the first varying component 
(which corresponds to the first acid-base sys- 
tem); and (ii) for malonic and succinic acids. the 
spectrum of the second varying component (sec- 
ond acid-base system) shows no clear negative 
bands. The existence of positive and negative 
bands is due to opposite concentration varia- 
tions when the pH is increased, and consequent 
opposite variations for the bands corresponding 
to acid and conjugated base. The existence of 
closely spaced bands in narrow aciddbase reac- 
tion, in the present case to the carboxylic and 
carboxylate groups. Constant bands, i.e. those 
corresponding to structures not involved in the 
reaction that is being monitored, are accounted 
for in the calculated constant component. 

The calculated spectra of the AH (acetic acid) 
and AH2 (malonic and succinic acids) acid spe- 
cies are composed of a main band in the range 
1220-1280 cm -I. This is due to the CO 
stretching of the carboxylic structures, because 
its intensity decreases with the increase in pH 
for the three acids. Other neighboring bands, 
which are only clearly detected for malonic acid, 
are probably due to the CO or CC stretching 
vibrations. 

The calculated spectra of the A ~ (acetic acid) 
and A’- (malonic and succinic acids) species 



are composed of the following bands: a band in 
the range 1552-1561 cm-’ due to asymmetric 
COO- stretching; a band in the range 1357- 
1419 cm ’ due to symmetric COO ~ stretching; 
and, for the case of the diprotic acids, a third 
band in the range 1259- 1297 cm ~ ‘, which is 
probably due to -CH,- deformation. The com- 
parison of these calculated infrared frequencies 
for the carboxylate stretchings with literature 
values, also obtained in aqueous solution [19], 
shows good agreement. 

For the AH - species of malonic and succinic 
acids the analysis of the calculated spectra is 
complex and, as far as the authors know, there 
is no literature information available to allow a 
comparison. 

The calculated concentration profiles shown in 
Fig. 7 are similar to those for the simulated 
data sets and allow the calculation of the pK,s 
values of the corresponding aciddbase systems. 
These are presented in Table 6 together with 
literature values. An overall good agreement be- 
tween calculated and literature values was 
found. 

S. Conclusions 

The results of the present study show that the 
application of EFA with a GCW to aqueous 
FT-IR spectroscopy can be a very useful tech- 
nique because it provides data for elucidation of 
molecular transformations during chemical reac- 
tions and for calculation of equilibrium con- 
stants. Considering the vast amount of 
information contained in the literature about the 
assignment of IR bands and their correlation 
with molecular structure, the procedure is ex- 
pected to be far-reaching for resolution of this 
type of problem. 

The technique has the potential to be incorpo- 
rated in software already available for instru- 
ment control. However. the analysis with EFA 
of FT-IR spectra1 sets collected during a chemi- 
cal transformation requires specific constrictions 
(in the concentrations and/or spectra) adequate 
to the transformation that is being experimen- 
tally provoked. 
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Abstract 

A method for the simultaneous determination of quinoline yellow (QY) and brilliant blue FCF (BB) in mixtures 
by solid-phase spectrophotometry has been developed. Both colorants were isolated in Sephadex DEAE A-25 gel 
showing maximum absorbances at 632 nm and 415 nm for BB and QY respectively. The applicable concentration 
ranges were between 25.0 and 500.0 pg 1.. ’ for BB and between 50.0 and 750.0 fig l- ’ for QY. The detection limits 
were 6.1 and 13.4 pg I- ’ for BB and QY respectively. Application of the method to real samples (colognes, after 
shave lotions and shampoo gels) involves a previous extraction process of the colorants before their isolation on the 
gel. 

Keywords: Cosmetics analysis: Quinohne yellowPbrilliant blue FCF determination; Solid-phase spectrophotometry 

1. Introduction 

Quinoline yellow (CT 47005) and brilliant blue 
FCF (CI 42090) are two synthetic colorants 
widely used as additives in cosmetic products. In 
Spain, the use of quinoline yellow (QY) has been 
authorized provisionally without stating the maxi- 
mum limit of concentration, while brilliant blue 
FCF (BB) can only be used up to 1% (w/w) in 
lipstick and up to 25 pg ml - ’ in other cosmetics 
[1,2]. As the synthetic colorants can produce dis- 
comfort in susceptible individuals [3], quantitative 
analysis of these chemicals would be appreciated. 

* Corresponding author. 

Traditionally, spectrophotometric methods have 
been used for these purpose if the sample only 
contains one colorant. When the sample contains 
two or more colorants (usually two or three), a 
previous separation step is needed. The separation 
can be carried out by thin layer chromatography 

(TLC) [41. 
Electroanalytical techniques have been also 

proposed for the detection and determination of 
these compounds [5,6] and more recently deriva- 
tive spectrophotometry and ratio spectra deriva- 
tive [7] have also been suggested. However, the 
analysis of synthetic colorants in cosmetics is not 
very easy because the complex composition of 
most of the cosmetic products is often not pro- 

0039-9140/96/$15.00 8 1996 Elsevier Science B.V. All rights reserved 
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vided by the majority of manufacturers since they 
do not feel obliged to reveal what they consider as 
trade secrets. 

We propose in this paper a sensitive method for 
the simultaneous determination of QY and BB 
either single or as a mixture in cosmetics by 
conventional and/or first-derivative spectrophoto- 
metry. In the case of real samples of shampoo gel 
a previous separation step of the colorants using 
methylene chloride is needed. Thus, the method is 
simple, sensitive, inexpensive and does not show 
the possible interferences caused by other addi- 
tives usually present in cosmetics because of the 
previous extraction. 

2. Experimental 

2.1. Appilrcrtus und soji~~w 

A Perkin-Elmer Lambda-2 spectrophotometer 
(with 1 mm cell) connected to an IE 486 computer 
fitted with PECSS software and a Hewlett-Pack- 
ard Laser III printer were used for all measure- 
ments. Statgraphics software package [S] was used 
for the statistical analysis of the calibration 
graphs. Smoothed and derivative spectra were 
calculated by the Savitzky and Golay method 
19, IO]. 

Further, we used a Crison 501 digital pH meter 
with a combined glass-saturated calomel elec- 
trode and an Agitaser 2000 rotating bottles agita- 
tor. 

2.2. Reugrnts 

All reagents were of analytical reagent grade. 
Reverse osmosis quality water was used through- 
out. 

Quinoline yellow stock solution (10.0 mg 1~ ‘) 
(Aldrich Chemical Company Inc.) was prepared 
by exact weighing of the standard product and 
dissolution in water. This solution remains stable 
for at least one month. Solutions of lower concen- 
tration were obtained by dilution with water. 

Brilliant blue FCF stock solution (10.0 mg 1~. ‘) 
(Aldrich Chemical Company Inc.) was prepared 
in water by exact weighing of the standard, and 

working solutions were obtained by dilution with 
water. The stock solution was stable for at least 
one month. 

Buffer solutions of pH 4.0 were prepared from 
0.1 M sodium acetate solution (Merck) and 0.1 M 
acetic acid (Merck). 

Sephadex DEAE A-25 anion exchanger (Phar- 
macia Fine Chemicals) in the chloride form and 
without pretreatment was used as solid support. 

2.3. Absorbunce mrusurmmts 

The absorbance spectra of the colorant-gel 
systems packed in a 1 mm cell were recorded 
against the blank between 400 and 800 nm at 
20.0 f 0.5”C and stored in a disk file. These spec- 
tra were smoothed with 13 experimental points 
and the first-derivative of the QY spectrum was 
calculated and recorded using 4 nm intervals. If 
the sample contained only one of the colorants 
the absorbance measurements of the gel beads 
containing the colorant were carried out (in a 1 
mm cell) at 4 15 nm and 800 nm in the absorption 
spectrum for QY and at 632 nm and 800 nm for 
BB. The latter measurement (800 nm) is the range 
where only the gel absorb radiation. The net 
absorbance for the colorant-gel systems was ob- 
tained from A,, = A; - A,,, where Aj is the ab- 
sorbance at 415 nm or at 632 nm [II]. If the 
sample contained QY and BB, the first-derivative 
spectrum was used to determine QY and the 
zero-order spectrum was used for the determina- 
tion of BB and then the measurements were car- 
ried out at 453 nm for QY. applying the “zero 
crossing” technique [12,13], and at 632 nm for 
BB. 

2.4. Extruction process 

In the analysis of real samples, a extraction 
process of the colorants must be carried out be- 
fore doing the absorbance measurements. 
Namely, the sample amount was shaken after 
mixing it with an appropriate volume of 
methylene chloride. In accordance with Ho116 and 
Wieg [14], if the proportion of ethanol/water in 
the sample is smaller than 80/20 (v/v) and the 
methylene chloride volume is equal or higher that 



4/5 parts of the volume of the sample, two phases 
are formed. Otherwise, only one-phase ethanol/ 
waterjmethylene chloride is obtained. Working at 
the proportion of ethanoljwaterlmethylene chlo- 
ride above suggested, the hydroalcoholic phase 
formed contains the colorants while the organic 
phase contains the other additives present in the 
commercial products. 

2.5. Procedure 

1 nun and the hydroalcoholic phase (containing 
the colorants) was then transferred into a 100 ml 
calibrated flask. A volume of 5.0 ml of 0.1 M 
acetic/acetate buffer solution (pH 4.0) were then 
added and made to the mark with water. The 
resulting solution was transferred into a 250 ml 
glass bottle and then treated as described under 
section 2.5. Previous to the determination of the 
colorants in commercial cosmetic samples, iden- 
tification by TLC [4] was carried out. 

Standards containing between 25.0 and 500.0 
pg 1~ ’ of BB and between 50.0 and 750.0 pg 1 ’ 
of QY were prepared as follows: in a 100 ml 
calibrated flask, an appropriate volume of stan- 
dard solution and 5.0 ml 0.1 M acetic/acetate 
buffer solution (pH 4.0) was placed and made to 
the mark with water. The mixture was transferred 
into a 250 ml glass bottle and 50 mg of Sephadex 
DEAE A-25 gel was then added. After mechanical 
shaking for 10 min the gel beads were collected by 
filtration under suction and packed into a 1 mm 
cell together with a small volume of solution (0.2 
ml) with the aid of a pipette. Blank solution 
containing all the reagents except the analyte was 
prepared in the same way as the sample. The 
absorbances (at ‘Dsji and ‘D,,?) were measured 
against a 1 mm cell of reference packed with gel 
equilibrated with blank solution and the net ab- 
sorbance was obtained as described under Section 
2.3. 

3. Results and discussion 

3.1. Spectral clmacteristics 

Fig. 1 shows the absorption spectra of BB and 
QY isolated in Sephadex DEAE A-25 gel. As can 
be seen the absorption spectrum of BB shows two 
absorption bands between 400 and 440 nm and 
between 502 and 694 nm, whereas QY only shows 
an absorption band between 400 and 460 nm. 
This fact allows the determination of BB in the 
presence of QY at /. = 632 nm using the absorp- 
tion spectra of the mixture, but does not allow the 
determination of QY in the presence of BB be- 
cause at 1 = 415 nm the absorption spectra of 
both colorants overlap considerably hindering the 

O.% I 

To 10.0 ml of eau de cologne or 5.0 ml of after 
shave lotion in a 100 ml calibrated flask. 5.0 ml of 
0.1 M acetic/acetate buffer solution (pH 4.0) was 
added and the solution was made to the mark 
with water. This solution was then transferred 
into a 250 ml glass bottle and treated as described 
under Section 2.5. 

To analyze shampoo gel the following proce- 
dure was carried out: 50 ml of ethanol was added 
to 1 g of shampoo gel in a 100 ml calibrated flask, 
and water was added to make the solution to the 
mark. This solution was then transferred into a 
250 ml separatory funnel and 80 ml of methylene 
chloride were added. The mixture was shaken for 

500 600 700 800 

Wavelength (nm) 

Fig. 1. Absorption spectra of (A) QY (500.0 /ig I ‘); (B) BB 
(200.0 jig I ‘1 and (C) a mixture of both compounds, in the 
same concentration levels. isolated in Sephadex DEAE A-25 
gel in all cases. 
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0.006 , I 

-0.010 B 
400 500 600 700 800 

Wavelength (nm) 

Fig. 2. First-derivative absorption spectra of (A) QY (500.0 pg 
I ‘); (B) BB (200.0 ,~g l- ‘) and (C) a mixture of both 
compounds, in the same concentration levels, isolated in Sep- 
hadex DEAE A-25 gel in all cases. 

resolution of their mixtures by conventional spec- 
trophotometry. 

However, QY can be determined in the pres- 
ence of BB using the first-derivative spectrum of 
the mixture of both chemicals and applying the 
above-mentioned “zero crossing” technique. It is 
assumed that the derivative of the spectral band is 
equivalent to the sum of the derivatives of its 
component bands. Therefore, the total derivative 
spectrum is only a function of the concentration 
of the other component when the first-derivative 
spectrum of one of the two components is zero. 
Fig. 2 shows that the height h, (/i = 453 nm) is 
only proportional to the QY concentration allow- 
ing its determination. 

The two-phase extraction process allows not 
only the separation of the colorants but also 
avoids the interferences produced by other addi- 
tives (fragrances, emulsifiers, etc.) usually present 
in cosmetic products. These additives show ab- 
sorption bands in the same region as QY, which 
often hinders the use of conventional and deriva- 
tive spectrophotometry for the determination of 
this colorant. 

3.2. Experimental and instrumental parameters 

The absorbance measurements were practically 

5 20 35 50 65 a0 

“/o Ethanol (v/v) 

Fig. 3. Influence of the ethanol/water (v/v) proportion in the 
process. (A) BB (200.0 pg I ‘) and (B) QY (500.0 pg 1~ ‘). 

not affected by the experimental parameters, per- 
centages of ethanol and/or amount of methylene 
chloride, but the extraction process was indeed 
affected by these parameters. Fig. 3 shows that for 
values of the percentage of ethanol/water higher 
that 70/30 (v/v) the absorbance of the system 
decreases noticeably. This fact can be attributed 
to the formation of one single-phase ethanol/wa- 
ter/methylene chloride as explained above. We 

Table 1 
Statistical calculations 

Parameters” BB QY 

Signal measured oD,,z ‘D,,, oD4,5 
Intercept -5.89.10W4 -5.97,10V4 1.87.10-’ 
Slope 1.81~10~~ 1.52, 10W5 7.80.10m4 

P,,, cw 35.2 26.8 28.6 

Linear dynamic 25.06500.0 50.0~750.0 2O.OC700.0 

range (pg I-‘) 
Detection limits 6. I 13.4 5.8 

(Pg I-‘) 
Quantification 20.3 44.5 16.2 

limits (bg I-‘) 
Relative I.8 2.2 I.9 

standard 
deviations (‘VU) 

B Data obtained for 100 ml sample volume. 
b Probability level of the lack-of-fit test. 
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Statistical calculations of BB (25.OG500.0 pg I-‘) and QY (50.0-750.0 pg I-‘) in mixtures 

Compound determined Other compound present Concentration (fig I-‘) Slope (/Lg 1-1) Intercept 

Brilliant 
blue FCF 

Quinoline 
yellow 

Quinoline 
yellow 

Brilliant 
blue FCF 

0.0 1.81’ 10-3 
50.0 1.93.10-’ 

250.0 l.91’lom3 
750.0 1.84~10-~ 

0.0 1.52~10-5 
25.0 1.54.10-5 

200.0 1.73,10-’ 
400.0 1.53.10-’ 

-5.89.10P” 
5.61 1O-4 
4.75. 10PJ 
6.14.lOW 

-5.97.lOP 
1.40. lo-” 
4.61. 10m4 
2.61. lop4 

have selected 50150 (v/v) ethanol/water as the 
working proportion. On the other hand, we found 
that the proportion CH,Cl, (ethanol-water) must 
be 4/5 for the optimum extraction. One min was 
selected as a shaking time for the extraction pro- 
cess because we found that for times above 30 s 
the process was not influenced by this parameter. 

In order to test the pH influence on the fixation 
of the colorants in the Sephadex DEAE A-25 gel 
different values of pH were studied using hy- 
drochloric acid (1.0 M and 0.1 M) and sodium 
hydroxide (1.0 M and 0.1 M) solutions. At pH 
values lower than 2.9 the absorbance of the gel 
system (colorant-Sephadex DEAE A-25) de- 
creases, probably due to the protonation of the 
sulfonic groups that hindered the fixation of QY 
and BB. For pH values between 2.9 and 10.0 the 
measurements of absorbance remained practically 
constant showing a maximum absorption at 
pH = 4.0. In this range of pH (between 2.9 and 
10.0) the sulfonic groups remain unprotonated 

Table 3 
Determination of QY and BB in cosmetics 

Cosmetic BB QY (peg I-‘)” R.M.” 
product (pg I-‘)” 

(‘D,V ‘D,,, “D‘U5 

Cologne 1 306.0 653.0 
Cologne 2 npb 1725.0 1760.0 
Shampoo gel 1943.0 30342.0 
After shave 8442.0 np 8400.0 

a Data are the average of three independent determinations 
and are referred to the original real samples. 
’ Not present in this sample. 

allowing fixation on the anionic gel. At pH values 
higher than 10.0 the OH- ions present in the 
solution compete with QY and BB reducing the 
absorbance of the solid phase. A pH 4.0 was 
selected as an optimum value for the fixation of 
the colorants on the Sephadex gel. Buffer solu- 
tions of acetate, monochloroacetate and hydrogen 
phthalate were tested for adjustment of the pH. 
Sodium acetate/acetic acid buffer solution (pH 
4.0) was found to yield the best results. 

Other experimental variables were the amount 
of gel (Sephadex) used, equilibration time, per- 
centage of ethanol, ionic strength of the solution, 
scan speed, sample volume and speed of shaking. 
These variables could influence the fixation of the 
colorants on the solid support (Sephadex gel) and 
hence could affect the absorbance measurements. 
Ten min was selected as the equilibration time 
because longer times did not provided any im- 
provement. The speed of shaking did not influ- 
ence the results. We selected 80 rev min ~ ‘. The 
ionic strength only influenced the results when the 
NaCl concentration was higher than 1.5 M. 

The amount of solid support and sample vol- 
ume of solution for the equilibration process with 
the Sephadex gel are however more critical. A 
mass of 50 mg was selected as the optimum 
amount of Sephadex gel because a large amount 
of the gel lowered the absorbance measurements. 
Consequently, only the amount required to fill the 
cell and facilitate handling (50 mg) was used in all 
the measurements. Increasing the sample volume 
of solution for equilibration with the Sephadex gel 
increases the sensitivity of the method. This effect 
can be assessed by measuring the absorbance of 
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Sephadex gel equilibrated with different volumes of 
solution containing the same concentration of col- 
orants and proportional amounts of the other 
reagents. The experimental data show a linear 
dependence of the absorbance measurements on 
sample volume below 500 ml. However, we have 
taken a 100 ml sample volume because the sensitivity 
of the method in this case is high enough for the 
determination of the BB and QY in real samples. 

3.3. Analyticd pururneters 

The calibration graphs for standard samples trea- 
ted according to the procedure above were linear 
for the concentration ranges between 50.0 and 750.0 
pg 1~ ’ for 100 ml of sample volume in the case of 
QY and between 25.0 and 500.0 pg 1 - ’ for the same 
sample volume in the case of BB. The adjustment 
of these calibration graphs was carried out by the 
linear regression model. The lack-of-fit test [S], for 
three replicates, was applied to probe its linearity 
as suggested by the Analytical Methods Committee 

D51. 
The repeatability of the method was determined 

as the relative standard deviation (RSD) for two 
series (one for QY and the other for BB) of ten 
independent determinations containing in the first, 
500.0 jig 1~ ’ of QY, and in the second, 300.0 ,~lg 
l- ’ of BB. In both cases 100 ml of sample volume 
were equilibrated with the solid support. The IU- 
PAC detection limits [ 16,171 and the quantification 
limits [ 181 were also calculated in accordance with 
the equation: 

L=PlSh 

where L is the detection or quantification limit, sb 
is the blank standard deviation, m is the slope of 
the calibration graph and 12 = 3 or n = 10 when the 
detection limit or quantification limit are calculated. 
These and other analytical parameters are summa- 
rized in Table 1. 

4. Applications of the method 

4. I. Synthetic mbturrs 

A recovery study was carried out in synthetic 
samples containing several amounts of BB and QY 

hlarlta 4.3 (1996) 14S7- 1463 

in order to check the accuracy of the proposed 
method. Calibration graphs of one colorant with 
and without different amounts of the other colorant 
were constructed. The results obtained show that 
the slopes of these calibration graphs are similar and 
that the intercepts have no influence on the measure- 
ment of the analytical signals. The null hypothesis 
test (student’s t-test, p = 0.01) was applied to the 
experimental data to prove these facts. We can 
conclude that the accuracy of the method is accept- 
able in all instances. The results obtained are 
summarized in Table 2. 

4.2. Deternzinution of‘ QY urld BB in real samplt~s 

Two colognes. one after shave lotion and one 
shampoo gel were selected as appropriate commer- 
cial products to apply the method in real samples. 
The cologne labeled 1 contains BB and QY, cologne, 
2 only contains only QY, the shampoo gel contains 
QY and BB and the after shave lotion contains only 
BB. Samples were prepared and treated as described 
under Section 2.6. A previous identification by TLC 
of the colorants present in the samples was carried 
out. 

For 100 ml sample volumes the average values 
found for three independent determinations agrees 
with the results obtained by the reference methods 
[19]. Table 3 shows the results obtained. 

In conclusion, this method provides a practical 
application of first-derivative spectrophotometry in 
combination with solid-phase spectrophotometry to 
multi-component colorant analysis without the need 
of a previous separation. 
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Abstract 

A simple. rapid and reproducible method for the extractive separation of molybdenum(W) and rhenium(VI1) is 
proposed using triphenylphosphine oxide (TPPO) dissolved in toluene as an extractant. The extractions are carried 
out from the hydrochloric and hydrobromic acid medium. The extraction of molybdenum is quantitative from 
2.54&3.10 M hydrochloric acid and from 3.76 --3.98 M hydrobromic acid, and that of rhenium is from 6.78-7.91 M 

hydrochloric acid. The probable nature of the extractable species is established using log distribution ratio-log 
concentration plots. The method permits mutual separation of molybdenum(W) and rhenium(VI1) and is applicable 
for the analysis of alloys and pharmaceutical sample. The detection limits for molybdenum(VI) and rhenium(V11) are 
0.8 ppm and 4 ppm respectively. 

K~wo~.~/.ss: Extractant: Molybdenum(W); Rhenium(VI1): Separation; TPPO 

1. Introduction 

Molybdenum is an important trace element in 
nature, required by both plants and animals in 
very small amounts. It has a large number of 
applications in various fields. It is used in radios. 
thermocouples, anticathodes of X-ray tubes and 
in the production of special steels. Molybdenum is 
a major product of uranium fission. Rhenium is a 
trace metal and used largely in high temperature 
filaments and in petroleum refineries as a catalyst. 
A Re+Mo alloy is reported to be superconducting 

* Corresponding author 

at 10 K. In view of these applications both ele- 
ments are required in pure form. In this commu- 
nication we propose a simple method for 
extractive separation and determination of molyb- 
denum(W) and rhenium(V11). using triphenylph- 
osphine oxide (TPPO) as an extractant. 

Potassium ethyl xanthate [l], diethyldithio car- 
bamate [2,3]. l-10 phenanthroline [4], mesitylox- 
ide [5], diisopropylether [6], bis(2-ethylhexyl)ph- 
osphate [7], bis(2-ethylhexyl)hydrogenphosphate 
[S]. tributylphosphate [9,10], tris(2-ethylhexyl) 
phosphate [ 111, OOS-tripropylphosphorodithioate 
[12], cyanex 301 [13,14], and alamine 310 [15] are 
the reported extractants for molybdenum while 

00%9140/961Sl5.00 ‘~8 1996 Elsevier Science B.V. All rights reserved 
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Table 1 
Optimum extraction conditions for molybdenum(W) and rhenium(VI1) 

Metal ion Halide concentration: 
total volume 

[TPPO]/diluent Extraction period Stripping Estimation 

(s) solution procedure 

MO(W), 20 ,~g 2.54-3.10 M HCI and 5 ml of 6% 60 2 x 5 ml water Thiocyanate [28] 
3.76-3.98 M HBr:lO ml TPPO/toluene 

Re(VII), 100 ,~g 6.78-7.91 M HCI:IO ml 5 ml of 6% 120 2 x 5 ml water Thiocyanate [29] 
TPPO/tolune 

a-benzoin oxime [ 161. tri-n-octylamine [ 17.181, cy- 
clohexanone [19], ethylxanthate [20], mesityl oxide 
[21], tributylphosphate [22,23], trioctylphosphine 
oxide [24] and aliquat 336 [25] are the reported 
extractants for rhenium. These methods, however, 
have limitations such as interference by other ions 
[1,3-5,7,12], longer extraction periods [2,5,13- 
16,221, use of salting out agents [5,10.19,21], mul- 
tiple extraction [3,4,23], critical pH [S, 18,251. 
higher acidic conditions [ 11,121, milligram 
amounts of metal used [9], visual comparison for 
determination [6] and highly acidic stripping 
agents [17]. The proposed method is free from all 
these drawbacks and has the following advan- 
tages. 
1. Extraction occurs in a single step and recover- 

ies of the elements are > 99.0%. 
2. It provides mutual separation of molybde- 

num(V1) and rhenium(VI1). 
3. The method is applicable for the analysis of 

alloys and pharmaceutical samples. 
4. The method is rapid, reproducible, accurate 

and free from interference due to commonly 
associated elements. 

2. Experimental 

2. I. Appurutus 

The absorbance measurements were taken on a 
Shimadzu UV-VIS 160A spectrophotometer (Shi- 
madzu Corporation, Japan). 

2.2. Reugenfs und chetnicu1.s 

The stock solutions of molybdenum(W) and 

rhenium(VI1) were prepared by dissolving 0.046 g 
of ammonium molybdate in 250 ml distilled water 
and 0.155 g of potassium perrhenate in 100 ml of 
distilled water (containing 5 ml of 6 N H2S04), 
respectively. Solutions of lower concentrations 
were obtained by dilution and were standardised 
by standard methods [26,27]. TPPO (Fluka grade) 
dissolved in toluene was used for extraction and 
separation of molybdenum(W) and rhenium(VI1). 

All other chemicals used were of analytical 
reagent grade. 

2.3. General e.vtruction procedure for 
tnolyhdetnm(VI) and rheniutn( VII) 

To an aliquot of a solution containing 20 lug of 
molybdenum(V1) and 100 /lg of rhenium(VII), 
hydrochloric acid was added to obtain 2.54 M 
and 6.78 M solutions, respectively, in a total 
volume of 10 ml. The aqueous solution was then 
equilibrated for 60 s with 5 ml of 6% TPPO 
dissolved in toluene for molybdenum(V1). For 
rhenium(VII), the acqueous solution was equili- 
brated with 5 ml of 6% TPPO dissolved in toluene 
for 120 s. After stripping with 2 x 5 ml of water 
both of the elements were determined spectropho- 
tometrically with the thiocyanate method [28,29] 
as follows. For rhenium(VII), 2 ml of concen- 
trated hydrochloric acid, 1 ml of 20% potassium 
thiocyanate solution and 2 ml of 35% stannous 
chloride solution were mixed together and al- 
lowed to stand for 5 min. The absorbance at 430 
nm was measured against a reagent blank pre- 
pared analogously. For molybdenum(V1). 2 ml of 
concentrated hydrochloric acid, 1 ml of 10% fer- 
rous ammonium sulfate solution, 3 ml of 10% 
potassium thiocyanate solution and .3 ml of 10% 
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--c-- Re (VIIFHBr -0- Mo(VI)-HBr 
-a- Rs(Vd)-HCI - Mo(VII-HCI 
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o-2 0.4 0.6 O-8 1.0 

log Molarity (HCI/HBr) 

Fig. 1. Extraction of Mo(V1) and Re(VI1) as a function of HCI 
and HBr concentration. 

stannous chloride solution were mixed together 
and the absorbance was measured after 5 min at 
465 nm against a reagent blank prepared 
analogously. The molybdenum and rhenium con- 
tents were computed from earlier drawn calibra- 
tion plots. The optimum extraction conditions are 
given in Table 1. 

3. Results and discussion 

In order to ascertain the optimum concentra- 

log % (TPPO) 

Fig. 2. Extraction of MO(W) ane Re(VI1) in HCI as a function 
of TPPO concentration. 

tion of acid (HCl/HBr) and TPPO (using toluene 
as diluent) for the quantitative extraction of 
molybdenum(V1) and rhenium(VII), the extrac- 
tion studies were carried out at various concentra- 
tions of hydrochloric acid (1.13-7.91 M) and 
hydrobromic acid (1.77-6.2 M) with different 
concentrations of TPPO (0.56.0%). The quanti- 
tative extraction of rhenium(VI1) occurred with 5 
ml of 6% TPPO dissolved in toluene at 6.78-7.91 
M hydrochloric acid solution whereas from hy- 
drobromic acid solution its extraction was incom- 
plete. The quantitative extraction of molybden- 
um(V1) from 2.54-3.10 M hydrochloric acid and 

Table 2 
Effect of foreign ions 

Ion Tolerance limit (pg) 

Molybdenum(W) 

(20 Pg) 

Rhenium(VII) 

(100 P&j 

Ca(I1) 10000 10000 
Pb(I1) 10000 10000 

Mg(II) 10000 10000 
Zn(I1) 10000 10000 
Cd(H) 10000 10000 
Fe(lII) 8700 10000 
Ni(l1) 5000 5000 
Co(H) 5000 5000 
Ba(I1) 6000 7000 

I-Ig(II) 4000 3000 
Cu(II) 4000 4000 
Bi(II1) 3000 2000 
Sb(II1) None None 
Mn(I1) 3000 3000 
AI(II1) 3000 2500 

V(V) 2500 1000 
Ce(IV) 2500 1000 
Te( IV) None None 
Ti( IV) 2800 2000 

WWI) 1500 500 
Sn(I1) IO00 800 
Cr(V1) 1800 1500 
Ascorbate 3000 2500 
Thiosulfate 3000 3000 
Tartarate 5000 3000 
EDTA 1000 I500 
Thiourea 2000 2000 
Citrate 5000 4000 
sop 5000 3000 

NO, 3000 3000 
NO; 3000 3000 
PO; - 3000 3000 



3.7663.98 M hydrobromic acid was feasible with 
5 ml of 6% TPPO in toulene. 

The effect of various diluents such as toluene, 
xylene, benzene, chloroform and carbon tetra- 
chloride on the extraction of both molybde- 
num(VI) and rhenium(VI1) was investigated using 
the proposed method. A 6% solution of TPPO in 
toluene provided quantitative extraction of 
molybdenum and rhenium. The extraction, how- 
ever, was incomplete with other diluents. 

While prolonged shaking had no adverse effect 
on the extraction of molybdenum(V1) and rheni- 
um(VII), a shaking period of 60 s for molybde- 
nun(VI) and of 120 s for rhenium(VI1) was 
adequate for the quantitative extraction. 

The nature of the extracted species was estab- 
lished using log-log plots of the distribution ratio 
versus TPPO concentration and hydrochloric acid 
concentration. The plot of the log of the distribu- 
tion ratio versus the log of the hydrochloric acid 
concentration (at 6% TPPO in toluene) for molyb- 
denum(V1) and rhenium(VII), gave slopes of 2.3 
and 3.2, respectively. Similarly, a plot of the log 

Table 3 
Binary separations of molybdenum(V1) and rhenium(VI1) 

Composition of 
mixture 

Recovery,’ of 
Mo(VI):Re(VII) 
(“h) 

Relative error (“A)) Recovery,’ of 
added ions 
(‘%I) 

Re(VI1). 100 /<g: 
Mo(VI), 20 j’g 
Mn(lI), 40 /ig 
Re(VII), 100 ,~g 
Mo(VIl. 20 ,~ug 
Cu(I1). 20 j’g 
Re(VI1). 100 irg 
MO(U). 20 /cg 
Ti(IV). 50 ,~g 
Mo(Vl), 20 //s 
U(VI). 50 ,ug 
MO(W). 20 /lg 
V(V). 40 pg 
MO(W), 20 jog 
Re(VI1). 100 jcg 

MO(V1). 99.6 
Re(VI1). 99.2 

Mo(V1). 99.4’ 
Re(VI1). 99.33 
Mo(V1). 99.48 
Re(VII), 99.37 

Mo(V1). 99.51 

Mo(V1). 99.42 

Mo(V1). 99.48 

.’ Average of triplicate analysis. 

of the distribution ratio versus the log of the 
TPPO concentration at 2.54 M HCl for molybde- 
num(V1) and 6.78 M HCl for rhenium(VII), gave 
slopes of 2.1 and 3.3 for molybdenum(V1) and 
rhenium(VII), respectively. It indicates a metal to 
TPPO ratio of 1:3 for rhenium(VI1). For molyb- 
denum(VI), at lower TPPO concentration it was 
1: 1 and at higher TPPO concentration it was 1:2. 
Hence the probable extracted species were sol- 
vated salts of the type MOO&I,. 2TPP0 and 
ReO,Cl,. 3TPP0. TPPO, being more basic. sup- 
planted the water molecules and rendered the 
species hydrophobic (Figs. 1 and 2). 

To an aliquot of the solution containing a fixed 
amount of molybdenum (20 pg) and rhenium 
( 100 pg), varying amounts of foreign ions were 
added to study their interference in the recom- 
mended procedure. The tolerance limit of the 
foreign ion was set at the amount required to 
cause + 2% error in the extraction and subse- 
quent determination of molybdenum(VI) and rhe- 
nium(VI1) by the proposed method. The results 
are reported in Table 2. 

Mo(V1). 0.4 99.7 0.3 
Re(VII), 0.8 99.2 0.8 

Mo(VI), 0.58 
Re(VII), 0.67 
MOW), 0.52 
Re(VI1). 0.63 

0.8 
0.8 
I .O 
0.7 

0.49 

0.58 

0.52 

99.2 
99.2 
99.0 
99.3 

99.3 

99.51 

99.33 

0.7 

0.49 

0.67 

Relative error 
(‘Xl) 

Estimation 
procedure for 
added ions 

Formaldoxime [3 I] 

PAR [30] 

H,OZ [3l] 

PAR [33] 

PAR [32] 

Thiocyanate [29] 



Table 4 
Analysis of standard alloys and drug sample 

Sample Composition Amount of 
Re:Mo expected 

Amount of Re/Mo 
found” 

Coelficient of 
variatton, (‘%I) 

Alloys 

Mn-MO steel 
BCSb 214:‘1 

Ce-Zn Zr 
BCS 307 

Nimonic 90 I 
BCS 387 

Drug 

Rediplex 
(ESPI chemicals, 
India) 

Mn, I .61”‘%: Cr. 0.09”% I mg Re 0.987 mg Re 0.86 

MO, 0.26%; Ni. 0.15’%: 0.26 mg MO 0.256 mg MO 0.78 

cu 0.31'%1~ v 0.01%; 1 - . , 

+I mg Re 
Zr. 0.56%: Mn. 0.006%: I mg Re 0.985 mg Re I.21 
Fe. 0.0021’:/;I; Zn. 2.08%; 
Cu. 0.005%: Ni, 0.001%~ 
Total rare earths 2.X4’!%; 
+I mg Re 
Ti. 2.95’X; Al, 0.24%; 1.46 mg MO 1.45 mg MO 0.53 

s. 0.003%; cu. 0.032’L; 
C. 0.03’%,~ Cr 17.4WL: . 1- 
B, 0.016%: Pb. 0.008%: 
Mn. 0.08’%,, MO 5.83%: . . 
co. 0.21’%>: P. 0.07%: 
Ni. 41.9’% Fe, 36.0%: 
Bi < 0.00003’X~: 
Ag < 0.00002’!% 

Folic acid IP. 5 mg: 3.18 mg MO 3.153 MO 0.31 
Vit. C. IP. I50 mg: 
Vit. B6. IP. 3 mg: 
Vit. Bl2. IP. I5 mg: 
ferrous fumarate. IP. 308 
mg; 
cupric sulphate. USP. 0.2 
mg: 
molybdenum 3. I8 mg 

-I Average of triplicate analysis. 
b British Chemical Standard. 

3.3. Binmy sepwation qf’ n~o!,~bci~num(Vi) 
Jionl rlierliuni(VII), copprr(II), rrimngunrse(II), 
vanadium(V), titunium(I V) md uruniurn( VI) 

Molybdenum(W) and rhenium(VI1) were sepa- 
rated by extracting molybdenum(W) from 2.54 M 
hydrochloric acid solution with 5 ml of 6% TPPO 
dissolved in toulene. It was then stripped with 
water and determined by the thiocyanate method 
[28]. Rhenium (VII), under this condition, re- 
mained in the aqueous phase which was then 
determined by the thiocyanate method [29]. Cop- 
per (II). manganese(II), vanadium(V), titaniu- 
m(IV) and uranium(V1) remained quantitatively 
in the aqueous phase at the optimum extraction 

conditions of molybdenum(W) and were deter- 
mined spectrophotometrically using 4-(2-pyrid- 
1azo)resorcinol [30], formaldoxime [3 11. 4-(2-py- 
ridylazo) resorcinol [32]. hydrogen peroxide [3 I] 
and 4-(2-pyridylazo) resorcinol [33]. The recover- 
ies of molybdenum and that of the added ions 
were 3 99.0%. The results are reported in Table 3. 

3.4. Binuq~ separution qf rhenium( VII) ,fj.om 
molvbdenunl( VI), copper( mangane.se(IIj 
und titanium(I V) 

Separation of moIybdenum(V1) and rheni- 
um(VI1) was discussed above. Rhenium(VI1) was 
separated from titanium( IV) copper( II), and man- 
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ganese(I1) as these ions remained quantitatively in 
the aqueous phase at the optimum extraction 
conditions of rhenium(VI1). Copper( mangane- 
se(H) and titanium( IV) were then spectrophoto- 
metrically determined by 4-(2-pyridylazo)resorcin- 
01 [30], formaldoxime [31] and hydrogen peroxide 
[31], respectively. The results are reported in 
Table 3. 

[cl 

[71 

G.S. Reddi and C.R.M. Rao, Anal. Chim. Acta., 244 
(1991)245. 
G.M. Vol’dman, A.N. Zelikman and I. Sh. 
Khutoreskaya. Izv. Vyssh. Ucheb. Zaved. Tsvet. Metall.. 
I7 (1974) 97. 
N.R. Das, B. Nandi and S.N. Bhattacharya, Anal. Chim. 
Acta., 159 (1984) 255. 
G.M. Vol’dman. A.N. Zelikman and S.V. Shakhbazyan, 
Arm. Khim. Zh., 30 (1977) 33. 
SC. Dhara and S.M. Khopkar. Indian J. Chem., 5 (1967) 
12. 

3.5. Anal.vsis of alloys and pharmaceutical sample 

A 100 mg alloy sample, Mn-Mo steel (BCS 
214/2), was dissolved in aqua regia, followed by 
the addition of 5 ml perchloric acid. The solution 
was evaporated to dryness and diluted to 25 ml 
with distilled water after leaching up with distilled 
water. A mass of 25 mg of alloy Nimonic 901 
(BCS 387) was dissolved in aqua regia, evapo- 
rated to dryness and diluted to 25 ml with distilled 
water. A mass of 100 mg of alloy CeeZn-Zr 
(BCS 307) was dissolved in concentrated hy- 
drochloric acid and diluted to 25 ml with distilled 
water. Since we could not procure samples con- 
taining rhenium, a known quantity of rhenium 
was added to the standard alloy solutions BCS 
214/2 and BCS 307. An aliquot from each alloy 
solution was than analysed by the proposed 
method. Rediplex tablet manufactured by ESPI 
chemicals, India, was dissolved in 10 ml of 
perchloric acid. The solution was evaporated to 
dryness and then the residue was leached up with 
distilled water, the solution was filtered and di- 
luted to 100 ml with distilled water. An aliquot of 
Rediplex solution was then taken for the extrac- 
tion and determination of molybdenum by the 
proposed method. The results are reported in 
Table 4. 

181 

[91 
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[I II 

1121 
[I31 

[I41 

[I51 

1161 

[I71 

1181 

[I91 

1201 
1211 

1221 
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A.D. Barve and V.M. Shinde, Indian J. Chem.. 33A 
(1994) I126. 
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Nucl. Chem., 173 (1993) 161. 
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J. Radioanal. Nucl. Chem., 178 (1994) 179. 
P. Behera V. Chakravortty, Indian J. Chem., 32A (1993) 
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S. Khaira and L.R. Kakkar. Fresenius’ Z. Anal. Chem.. 
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L. Karagozov and Kh. Vasilev, Hydrometallurgy, 4 
(1979) 51. 
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Politekh. Inst.. 289 (1974) 14. 
N. Iordanov. M. Pavlova and D. Boikova, Talanta. 23 
(1976) 463. 
M. Elsie Donaldson and E. Mark, Talanta, 29 (1982) 663. 
V.M. Shinde and SM. Khopkar, Anal. Chem., 43 (1971) 
473. 
N. Iordanov and S. Mareva. C.r. Acad. Bulg. Sci., I9 
(1966) 913. 
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Kazak. SSR., 3 (1967) 92. 
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N. Iordanov and M. Pavlova, Chemica. Analit., I7 (1972) 
819. 
D.G. Baichler and C.H. Long, At. Absorpt. Newsl., 8 
(1969) 56. 

[26] A.I. Vogel, A Textbook of Quantitative Inorganic Analy- 
sis, 4th edn. Longman, London, 1978, p. 471. 

[27] N. Howell Furman, (Ed.), Standard Methods of Chemical 
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Abstract 

A highly sensitive detection system using a semiconductor laser (XL) and a thin long flow-through cell (TLFCT) 
to match flow-based analysis, such as flow injection analysis (FIA), has been developed. The SCL was a GaAlAs 
semiconductor laser emitting at 780 nm (5 mW), and the TLFTC, which has a 100 mm thin long light path, was made 
of a poly(tetrafluoroethylene) (PTFE) rod. The sensitivity was essentially improved about IO-fold in comparison to 
usual FIA-spectrophotometry using a IO mm conventional flow cell. When this detection system was applied to the 
determination of total phosphorus (P) in water by molybdenum-blue spectrophotometry. the relative standard 
deviation. detection limit and linear range were 1.0’!4 (II = 10 at 20 pug P 1 ‘), 0.6 (3 g) and 1.0-50 /lg P 1~ ‘, 
respectively, and the results for the samples were fairly consistent with those by the official method. It may also be 
possible to apply the present detection system to other flow-based analytical methods such as the liquid chromatog- 
raphy family. 

Kr~x~rtls: Eutrophication: Flow injection analysis; Semiconductor laser; Spectrophotometry: Thin long flow-through 
cell: Total phosphorus; Trace analysis; Water 

1. Introduction 

* Corresponding author. Fax: + (Xl) X86-56-71 12. 
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grated Arts and Sciences. I -I, Minami-josanjima-cho, 
Tokushima 770. Japan. 
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mental Protection. Postcode 215008. Suzhou. China. 

As a large number of samples must be analyzed 
daily and the concentrations of most components 
in the samples are usually low, more sensitive and 
rapid flow-based analytical methods are needed in 
many fields, such as environmental chemistry, 
clinical chemistry, etc. Many ways have been 
studied for solving this problem. 

0039-9140/96~$15.00 c 1996 Elsevier Science B.V. All rights reserved 
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According to the LamberttBeer’s law in- 
creasing the light path length is one of the 
ways to improve the sensitivity of spectrophoto- 
metry. However this would be difficult when 
the light path length is very long because the 
intensity of the transmitted light. emitted from 
an ordinary light source such as tungsten lamp, 
may become too low to be measured, and a 
large amount of sample solution is needed. One 
of the possible ways to solve this problem is to 
use a light source, which can emit light with 
very strong intensity, excellent monochromatic- 
ity and coherence, and a cell with a thin light 
path. Several attempts on this topic have been 
reported [I ,2]. However, it was indicated that 
the multireflectionmultipass system for the 
elongation of the light path length is effective 
only for gas samples not liquid as this system 
requires a rather large amount of sample, and 
the adjustment of optical configuration is 
difficult when a cell filled with liquid is inserted 
between the mirrors. Wei et al. have used a 
powerful light source, such as a xenon dis- 
charge lamp, a tungsten incandescent lamp and 
a helium-neon laser, and a long capillary cell 
for increasing the sensitivity for determination 
of phosphorus [I]. 

Although the sensitivity was improved from 
several hundred fold to thousand fold times 
higher than normal spectrophotometry, it was 
reported that the source light hits the wall of 
the long capillary cell and as a result. the ap- 
parent sensitivity deviates from the ideal Lam- 
bert ~ Beer’s law. Another test using a 
total-reflection long capillary cell [2] also has 
some troubles because the solvent had a refrac- 
tive index higher than that of the cell material, 
and the linear range of the calibration curve 
for the analyte was narrow. As a SCL has 
more advantages (see Section 3) than other 
conventional lasers [3,4], it could be more suit- 
able as a light source to match the thin long 
light path cell for increasing the sensitivity. 

Application of FIA to automatic analysis 
yields a fast, precise, accurate and extremely 
versatile system that is simple to operate. Al- 
though photometry is currently the most impor- 
tant detection technique in FIA. the design of 

photometric cells has not received attention in 
working laboratories [5]. Only a few papers on 
the subject have been reported [668], and the 
detection limits for these designs were not good 
enough for the determination of lower concen- 
trations of analytes in samples. A photometric 
detector having higher sensitivity for practical 
trace analysis by FIA has not been reported. 

Improving the sensitivity for the determina- 
tion of phosphorus is very important in envi- 
ronmental analysis as phosphorus is one of the 
major nutrients besides nitrogen. The heavy 
growth of algae in lake and stream waters is 
sometimes caused by phosphorus, and this re- 
sults in the eutrophication of the water. This 
concentration of phosphorus is often less than 
that detectable by an ordinary spectrophotome- 
try. In order to explain the mechanism of phos- 
phorus circulation in environmental waters, the 
development of a continuously and highly sensi- 
tive method for detecting phosphorus should be 
indispensable. FIA was first used to determine 
phosphorus by Ruzicka and Hansen [9] and 
since then some other papers for the determina- 
tion of phosphorus in water by FIA have been 
published [IO- 131. Most of the methods de- 
scribed in these papers were based on the 
method of molybdophosphate blue (MPB), but 
the sensitivities of these methods were not very 
high and the detection limits were generally 
around 2- 10 pug P 1~ ’ Some modifications 
have been made to improve the sensitivity of 
the determination of phosphorus by FIA 
[14.15], but they were rather complicated. 

In the present paper, a highly sensitive detec- 
tion system. which had a SCL and TLFTC, 
compatible with FIA for continuous trace anal- 
ysis and its application in the determination of 
total phosphorus in water were reported. This 
new detection system was more sensitive than 
usual FIA with an ordinary photometric detec- 
tor. and it was inexpensive and convenient to 
operate. It could be suitable for the continuous 
analysis of multiple components in samples, 
and for use in other flow-based techniques, 
such as liquid chromatograph and capillary 
electrophoresis [ 16,171. 
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Fig. 1. High sensitivity detection system for FIA. ‘XL. semi- 
conductor laser: LED. light emitting diode; PD, photo diode; 
In, inlet of TLFTC: Out, outlet of TLFTC. 

2. Experimental 

2.1. Reagcn ts 

All reagents were analytical reagent grade man- 
ufactured by Wako pure Chemical Industries Ltd, 
Osaka, Japan. Distilled water was used for all 
solutions and dilutions. Potassium dihydrogen 
phosphate was taken as a standard material for 
phosphorus, and it was dried for about 3 h at 
110°C and then cooled to room temperature. It 
was used to prepare 50 mg P l- ’ of stock stan- 
dard solution with water. The oxidant. which was 
used for the oxidation of all phosphorus in sam- 
ples to orthosphate, was prepared by dissolving 3 
g of potassium persulfate in 1 liter of water. The 
developing reagent was composed of two parts, 
solutions A and B. Solution A was prepared by 
dissolving 6 g of ammonium molybdate tetrahy- 
drate [((NH,),Mo,0,,.4Hz0)] and 0.24 g of 
potassium antimony1 semihydrate tartrate 
(K(SbO)C,H,O,. 1/2H20) in about 300 ml of wa- 
ter, then adding 120 ml of 2 + 1 HSO, to the 
solution and diluting to 500 ml with water. Solu- 

Table I 
Operation parameters of LN9805 K semiconductor laser 

Fig. 2. Diagram of the FIA part, Dr, developing reagent: 0. 
oxidant; P. pump (1, 2: 600 PI min ‘); Asi. automatic sample 
injector (300 /II): C, and C2. coil (IO m x I .O mm i.d.): Ob. oil 
bath (140°C): D, detection system; Bpc. back pressure coil (3 
m x 0.25 mm i.d.); Re, Recorder; W, Waste. 

tion B was made by dissolving 7.2 g of L-ascorbic 
acid with water, and then diluting to 100 ml. 
Before delivering the developing reagent, solu- 
tions A and B were mixed by 5 + 1 and further 
diluted five times with water [ 181. 

2.2. Apparatus 

Fig. 1 shows the new detection system, which 
was essentially composed of three sections: semi- 
conductor laser radiation, thin long light path 
absorption and logarithmic conversion-amplifica- 
tion and recording. A Model LN9805 K GaAlAs 
semiconductor laser (Semiconductor Selling Divi- 
sion, Matsushita Denshi Co. Ltd., Nagaokakyo, 
Kyoto, Japan) was used for the light source of the 
detector. The operation parameters of the laser 
are listed in Table 1. A light emitting diode (LED) 
(Model TLS143, Toshiba Co. Ltd.. Japan) was 
used as a light source for the reference light beam 
of the detector. Two identical silicon photodiodes 
(PD) (Model S 1087-01, Hamamatsu Photonics 
Co. Ltd., Japan) were arranged as receivers for 
the light beams of sample and reference. respec- 

Threshold current 
OnA) 

29.5 

Output power 
(mV) 

5 
(PO.’ at 48.0 mA) 

Wavelength 

(nm) 

793 

Far-filed patterns (“) 

0 (1, 

14.5 30.0 

Monitor current 

(PAI 

651 
(PO = 2.5 mW) 

* Light output power 
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Fig. 3. Schematic of TLFTC. I. tube fitting: 2. quartz plate; 3, 
shallow gap; 4. PTFE spacer: 5. brass edge. 

tively. A Model 757 N logarithmic ratio module 
and a Model LM308 three amplifying size differ- 
ential OP amplifier (Analog Devices Co Ltd., 
USA), and a Model U-228 chart recorder ranged 
O-10 V (Nihon Denshi Kagaku Co. Ltd., Tokyo, 
Japan) were used for the logarithmic conversion 
amplification and recordation, respectively. 

A schematic diagram of the FIA is shown in 
Fig. 2. This part should be made of materials 
which are resistant to oxidation and reduction 
reagents, acids and bases. There were three reac- 
tions, the oxidation of total phosphorus to or- 
thophosphate. the formation of MPA and the 
reduction of MPA to MPB, in the FIA system. 
Because the reactions were carried out at higher 
temperature (140°C) for increasing the reaction 
rate and improving the sensitivity, higher back 
pressure would exist. The double-plunger microp- 
ump, with a linear cam mechanism and short/fast 
reciprocation, can provide a continuous pulse- 
free flow. In addition, the micropump was sutable 
for operations against a higher than normal pres- 
sure, and for handling aggressive liquid [19]. 
Therefore, a pair of double-plunger micropumps 
(Model SR-3000, Sanuki Industry Co. Ltd., 
Japan) was used for pumping the reagents (600 
~1 min- ‘). The standard solution of phosphorus 
or water sample (300 ~1) were injected by an 
automatic injector (Model SJ-1700 ASI, Atto Co. 
Ltd., Japan). An oil bath (0,, 140°C) was used, 

i 

30 min 
- 

/ Ii1 

40 

/ 

(Light path’ 100 mm1 

Fig, 4. Recording for peaks of phosphorus at I2 samples per 
hour analysis rate. 

in which PTFE coils C, and C2 (10 m x 1.0 mm 
i.d.) were immersed. C,, C2 and the path for the 
developing reagent were connected by a T-shaped 
PTFE connector. A PTFE back pressure coil 
(Bpc) (3 m x 0.25 mm i.d.) was put behind the 
TLFTC to decrease pulsations in the propelling 
system and prevent the formation of bubbles in 
the streams. 

2.3. Design qf TLFTC 

Usually, the light path length of a commeri- 
tally available flow-through cells for the applica- 
tion of photometry in FIA is 10 mm with 8 ~1 
inner volume. In order to improve the detection 
sensitivity and decrease the reagent and sample 
consumption in the FIA laser spectrophotometry, 
the TLFTC was designed. The schematic of the 
TLFTC is shown in Fig. 3. It was made of PTFE 
rod, and the smoothness and linearity of the 
central thin and long hole (1.4 mm i.d.) must be 
very good to prevent the light emitted from the 
SCL from hitting the wall of the hole. TLFTCs 
with different lengths (10. 20, 50 and 100 mm) of 
light path were made for this study. 

2.4. Detrction system nzutching FIA 

The reacted solution, leaving from coil C,, 
flows into the TLFTC through the inlet hole 
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(9.7 mm x 1.0 mm i.d.) and shallow gap at one 
side of the TLFTC. and then flows out of the 
TLFTC through the other shallow gap and outlet 
hole (9.7 mm x 1.0 mm i.d.) at the other side of 
the TLFTC into the Bpc. The position of the SCL 
should be finely adjusted by moving the SCL so 
that the light beam emitted from the SCL can 
exactly pass the center of the thin long light path 
in the TLFTC, without hitting the wall of the thin 
long light path. The distance between the TLFTC 
and the SCL was not considered critical as the 
effect of the different distances (O- 150 mm) on the 
absorbance for the determination of total phos- 
phorus was not obvious. The light transmitted 
through the sample solution is received by the PD 
and converted to an electrical signal for the sam- 
ple. The other light beam emitted from the LED 
is also received simultaneously by the other PD 
and converted to an electricial signal for the refer- 
ence. Both of the signals are compared, logarith- 
mically modulated and amplified in the 
logarithmic ratio module, and the final detection 
signal is recorded on the chart recorder. 

2.5. Anulytical procrduve jbr d~tetwination of 
totul pho.~phorus in water 

The oxidation and developing reagents were 
pumped by a pair of double-plunger micropumps 
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Fig. 5. Results of the determination for standard solution of 
phosphorus using diKerent light path lengths of the TLFTC. 

at a flow rate of 600 /il min ‘. The standard 
solution of phosphorus or sample (300 ~1) were 
injected by the automatic injector at a rate of 12 
samples per hour and merged into the stream of 
oxidation reagent, flowing into coil C,. All of the 
phosphorus in the sample was oxidized to or- 
thophosphate. The solution merged with the de- 
veloping reagent in coil C?, and was converted to 
MPA by reacting with ammonium molybdate and 
potassium antimony1 tartrate. Finally, the MPA 
was reduced to MPB by L-ascorbic acid in coil CZ, 
and the absorbance of the MPB solution flowing 
into the TLFTC was measured at 780 nm. The 
concentrations of phosphorus in the samples were 
calculated using a standard curve for phosphorus. 

3. Results and discussion 

3.1. Light source 

A light source, that can emit intensive, coherent 
and monochromatic radiation is very important 
for spectrophotometry with a thin long light path 
cell. The HeeNe laser was used as the light source 
in long-capillary-cell absorption sectrophotometry 
because the laser can emit intensive light with 
good coherency and monochromaticity. The SCL 
has even more advantages than the HeeNe and 
other conventional lasers in conjunction with thin 
long light path spectrophotometry. The materials 
of the SCL are very sensitive to operation condi- 
tions, and the function of the SCL could be 
adjusted in many variables, such as temperature, 
pressure, radiation. dilferent impurities and so on. 
The SCL has a very high conversion efficiency 
from electricity to light (theoretically it can reach 
lOO’%), quite large power output, very small di- 
mension (several decimal pm are available) and 
excellent beam coherency and monochromaticity. 
It has a long life-time (10’ h), low cost (one chip 
is about 10 US $) and wide range of wavelength 
(from near UV to IR). The GaAlAs has an allo- 
plasm form, and it is very convenient for use as it 
can be continuously oscillated at room tempera- 
ture [3,4,20]. Hereby, the GaAlAs was selected as 
the most suitable light source of the detector in 
thin long light path spectrophotometry and for 
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improving the sensitivity in FIA spectrophotome- 
try. 

The distance between the cell and the light 
source can be adjusted by moving the light source. 
Considering the light stability and the cheap price 
of LEDs, and the simplicity of light circuit sys- 
tem, the LED was selected as the light source of 
the reference light beam. 

3.2. Concentration of oxidunt and temperature of 
oxidation 

The absorbencies for the determination of total 
phosphorus, using sodium triphosphate as a test- 
ing sample, were very similar using a range of 
concentrations of oxidant solution of O.l -0.8% 
(w/v). Considering ecomony, 0.3% of oxidant so- 
lution was used in this study. 

The oxidation of phosphorus to orthophos- 
phate in the samples was not complete when the 
oxidation temperature was lower than 100°C. 
When the temperature was in a range of 120- 
160°C the oxidation was complete and the results 
of the determination was almost identical. In the 
standard method of the Environmental Agency, 
Government of Japan, oxidation is carried out at 
120°C and the reaction time is 30 min [16]. In our 
work 13 min was sufficient when the reaction was 
carried out at 140°C in coil C, immersed in the 0, 
and the flow rate of the oxidant solution was 600 
,~l min ~ ’ . Therefore, 140°C was used as the oxi- 
dation temperature. 

3.3. Developing temperature 

According to the standard method issued by 
the Environment Agency, Government of Japan, 
the developing temperature for phosphorus using 
a MPB method is 20-40°C (water bath), and the 
developing time is 15 min [18]. It was found that 
the sensitivity of the method for the determination 
of phosphorus was lower when developing was 
carried out at that temperature. Different temper- 
atures from 20 to 160°C were tested and the 
sensitivity was highest when the temperature was 
in a range of 955160°C and the flow rate of the 
developing reagent was 600 ,uI min ~ I. With these 
considerations the temperature of the oxidation 

for phosphorus was chosen to be 140°C and the 
coils C, and C, could be immersed in the same 
bath. 

3.4. Anal.vtical rate, precision and detection limit 

Considering that the oxidation of phosphorus 
to orthophosphate in the coil C, took 13 min and 
a good separation between two peaks of neigh- 
boring samples (Fig. 4) was needed, the automati- 
cally continuous analysis rate for samples was set 
to 12 per hour. When 100 mm TLFTC was used, 
10 measurements of 20 pg P 1~ ’ standard solu- 
tion gave an average absorbance of 0.0616 with a 
standard deviation (SD) of +0.0006. The relative 
standard deviation (RSD) and the detection limit 
(3 a) were calculated to be 1.0% and 0.6 pg P 1~ ‘, 
respectively. 

3.5. Light path length of TLFTC and linear 
range for the determination of phosphorus 

The effect of TLFTCs with different lengths 
(IO, 20, 50 and 100 mm) of light path on the 
determination of phosphorus was tested, and the 
results are shown in Fig. 5. The sensitivity for the 

Table 2 
Recovery of phosphorus in some phosphorus compounds 

Phosphorus 
compounds 

Taken Found Recovery 
(mg P I-‘) tmg P I-‘) (‘Xi) 

Sodium 1.05 
hypophosphite 
monohydrate 

p-Nitrophenyl 1.02 
phosphate, 
disodium 

Pyrophosphate acid 0.95 
Polyphosphoric acid 0.99 
Methaphosphoric 0.79 

acid 
Penta sodium 1 .oo 

triphosphate 
Adenosine I .02 

5’.monophosphate. 
sodium salt 

Adenosine 1 .oo 
S’-diphosphate, 
sodium salt 

1.09 104 

I .03 101 

0.89 94 
0.89 90 
0.72 91 

I .07 107 

I .03 101 

0.98 98 



T. Korenaga. F. Sun 1 Talanta 43 (1996) 1471-1479 1477 

Table 3 
Comparison of the results for the determination of phosphorus in wastewater and treated wastewater by present and official methods 

Sample 

Wastewater 

Treated wastewater 

A 
B 
C 
D 
E 
F 
G 
H 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 

i 
R 

Total phosphorus (mg P I-‘) Comparison with the official method 

Present method Official method D (mg P I-‘) RD (%I) 

2.56 2.29 0.27 12 
0.30 0.29 0.01 3.4 
0.92 0.86 0.06 7.0 
1.04 0.99 0.05 5.1 
1.19 1.12 0.07 6.3 
1.68 1.50 0.18 12 
0.96 0.92 0.04 4.3 
1.76 1.55 0.21 14 
0.03 0.02 0.01 5x 10 
0.10 0.06 0.04 7x 10 
0.05 0.02 0.03 2x 10’ 
0.16 0.11 0.05 45 
0.22 0.24 -0.02 -8.3 
0.06 0.02 0.04 2x 10’ 
0.07 0.06 0.01 2x 10 
1.58 1.25 0.33 26 
0.06 0.06 0 0 
0.09 0.04 0.05 1 x10’ 
0.03 0.04 -0.01 -3x10 
0.05 0.06 -0.01 -2x10 
1.09 0.96 0.13 14 
0.20 0.13 0.07 54 
0.04 0.04 0 0 

0.06 0.12 0.08 0.11 -0.02 0.01 -3x10 9.1 
0.15 0.12 0.03 25 

determination of phosphorus by a 100 mm 
TLFTC was enhanced by about lo-fold when 
compared to usual FIA sectrophotometry using a 
10 mm absorption cell. The longer the length of 
the TLFTC, the higher the detection sensitivity. 
The linear ranges for the determination of phos- 
phorus, using 10, 20, 50 and 100 mm light path 
lengths, were 10-200, 5-100, 2-50 and l-50 pg 
P 1 - I, respectively. 

3.6. Recovery of phosphorus in some phosphorus 
compounds and the determination of total 
phosphorus in water 

The recoveries of phosphorus in some phospho- 
rus compounds are listed in Table 2. From Table 
2 it was known that the recoveries were between 
94- 107% when potassium dihydrogen phosphate 
was considered as the standard of phosphorus. 

Some wastewater and treated wastewater were 
determined by this method and the official 
method. The results of the determination are 
shown in Table 3. The RDs, which were obtained 
by comparison with the results analyzed by the 
official method, for the concentrations of total 
phosphorus in the wastewater and treated 
wastewater, were 3.4414 and - 3 x 10-2 x lo?%, 
respectively. Most of the results analyzed by the 
two methods showed little difference, except for a 
few results in the treated wastewater. The correla- 
tion between the results analyzed by both of the 
methods is shown in Fig. 6. It shows that the 
correlation was quite good. 

Traces of total phosphorus in some natural 
waters, sea water, hot-spring water and snow, 
were determined to evaluate the applicability of 
the present method. The results are listed in Table 
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Fig. 6. Correlation between the results analyzed by the present 
and official methods. 

4. The RSD stated as above in these samples were 
in a range of - 7- 12%. The results were similar 
except for the river water in which concentrations 
of total phosphorus were too low to be detected 
by the official method. 

4. Conclusions 

The application of laser spectrophotometry 
FIA with the new detection system. composed of 
the TLFTC and SCL, to the determination of 
total phosphorus and dissolved silica [21] in water 
have clearly illustrated that, by comparison with a 
normal 10 mm flow cell, the detection sensitivities 
were improved by about IO-fold. The analytical 

Tablc 4 
Results of the determination of total phorphorus in natural watrr 

Sample Total phosphorus (mg P I 

Present method 

‘) Comparison with official method 
- 

Official method D (mg P I-‘) RD (“/I) 

technique was successfully applied to the auto- 
matically continuous monitoring of them in wa- 
ter. 

The technique utilizes the merits of FIA, 
TLFTC and SCL, i.e. high speed, good reproduci- 
bility and automatically continuous analysis of 
FIA, thin long light path with low reagent and 
sample consumption, samples, high sensitivity of 
TLFTC. and excellent radiation intensity, 
monochromaticity and coherency of SCL. This 
technique could be used for the determination of 
other trace analytes in samples, and it may also be 
useful to other flow-based analytical techniques, 
such as liquid chromatograph. capillary elec- 
trophoresis, etc. 
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River water I 0.004 
7 0.008 - 

Water in mix zone of 0.042 0.031 0.01 I 3.5 
river and sea 

Sea water 0.012 0.013 ~0.001 -7.7 
Hot-spring water 0.015 0.014 0.001 7.1 
Snow I 0.015 0.018 PO.003 -17 

2 0.019 0.017 0.003. I? 
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Abstract 

The extraction of gallium(II1) with newly prepared 5-alkyloxymethyl-S-quinolinol derivatives with alkyl substituent 
at the 2-position in 8quinolinol moiety has been studied. The Ga(III)-5-octyloxymethyl-8-quinolinol (HO,Q), 
Ga(III)-2-methyl-5-octyloxymethy1-8-quino1inol (HMO,Q), Ga(III)-2-methyl-5-hexyloxymethyl-S-quinolinol (HM- 
O,Q). and Ga(III)-2-n-butyl-5-hexyloxymethyl-8-quinolinol (HNBO,Q) complexes extracted in heptane 
from a perchloric acid medium were Ga(O,Q),, Ga(OH)(H,0)(M0,Q)2. Ga(OH)(H,0)(M0,Q)3 and 
Ga(OH)H20)(NB0,Q),, respectively. The 2-tert-butyl-5-hexyloxymethy1-8-quino1ino1 did not exhibit any reactivity 
toward gallium(II1). The extraction constants for Ga(O,Q), (K,, = [Ga(O,Q& [H +13/[Ga’ +][HO,Q],,,‘). 
GaWU(H20)(MOxQ)2 UC, = Pa(OH) W20)(M08Q)J,,g [H + 13![Ga3 +IWMO,Ql,,~ 1. G40WWIOMM06Q), 
and Ga(OH)(H,O)(NBO,Q),, which were extracted in heptane from an acidic solution, are lo’-” *’ “, lo- 4.z4io 16, 
10-3.“4+1~.16 and 10 ~’ ” * ’ “‘, respectively at I = 0.1 M and 25°C. 

HNBO,Q exhibited very high selectivity toward gallium(II1) in the presence of aluminum(II1). Even in the presence 
of a 100 fold excess of aluminum(II1) to gallium(II1) (1.43 x 10 - 5 M), gallium(II1) was completely extracted and the 
distribution ratio of aluminum(II1) was found to be less than 2.0 x 10W3. 

Ktywrds: Alkyl substituents; Gallium(II1) extraction: Hydrophobic 8quinolinol 

1. Introduction 

Selective separation of rare metal ions has been 
an attractive subject in analytical chemistry and 

separation science. The molecular design for the 
highly selective chelating extractants has been ex- 
tensively studied to establish the most selective 
separation system for metal ions. 

Since S-quinolinol provides many extractable 

* Corresponding author. Fax: (81) 29-228-8406. 
and stable metal complexes, it has been one of 
typical extractants for practical purpose, despite 

0039-9140/96j$l LOO c: 1996 Elsevier Science B.V. All rights reserved 

PII SOO39-9140(96)01922-4 
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low selectivity [I.?]. A Kelex 100 extractant char- 
acterized by very large hydrophobicity has been 
known to provide high extractability for galliu- 
m(III) from a strongly alkaline solution [3,4], and 
for palladium(II) from a strongly acidic solution 

[51. 
The present authors have reported that the 

alkylated 8quinolinol derivatives such as 5-octy- 
loxymethyl-8quinolinol (HO,Q) and 2-methyl-5- 
octyloxymethyl-8quinoinol (HMO,Q) behave as 
highly selective extractants for molybdenum(V1) 
from a strongly acidic solution [6,7]. HO,Q and 
HMO,Q gave extractable 1:2 molybdenum(V1) 
complexes. The extraction constant for HO,Q was 
about three orders of magnitude larger than that 
for HMO,Q. Such a different extraction behavior 
between HO,Q and HMO,Q was explained by 
the steric hindrance of the methyl group at the 
2-position. 

The lack of reactivity of 2-methyl-8quinolinol 
with alluminum(II1) has been ascribed to the 
difficulty in forming an extractable Al(III)-2- 
methyl-8-quinolinol complex due to the steric hin- 
drance of methyl group [2]. The substitution at 
the 2-position of S-quinolinol does not remark- 
ably affect the pK,, and pK,? values, but it seri- 
ously decreases the stability constants of metal 
ions such as copper(H). nickel(I1) and zinc(I1) [8]. 
A systematic study on the extraction behaviors of 
metal ions with 2-methyl-8-quinolinol has been 
done by Motojima and Hashitani [2]. However. a 
few extraction constants have been determined 
[9- 1 I]. In this study, the extraction behavior of 
gallium(I11) with alkylated 8-quinolinol was inves- 
tigated to get detailed information concerning the 
steric effect of the alkyl substituents in the hydro- 
phobic 8-quinolinol moiety on the extractability 
and selectivity for the metal ion. 

2. Experimental 

2.1. Reugen ts 

2.1.1. Syz thesis of 
2-b~~t~~I-5-l~t~s~los~w~e~hvl-8-c~ui~~olir~ol . 
(HNBO,Q) md 
2-tert-but~I-5-hr~~~lo.~~t~~rth~~I-8-yuit~olir~oI 
CHTBO,Q) 

A 2.6 g quantity of 5-hexyloxymethyl-8-quinoli- 
no1 (HO,Q) dried under vacuum at 100°C was 
dissolved in 20 ml of dry ethylether and the 
solution cooled to 0°C under a dry nitrogen atmo- 
sphere. Next 32 ml of n-butyl lithium (51 mmol) 
was dropped into a stirred reaction flask contain- 
ing HO,Q in ethylether and kept below 0°C. The 
solution was allowed to stand for 4 h at 0°C. The 
reaction product was hydrolyzed by dropping wa- 
ter into the reaction flask, the ethylether was 
separated, and the solvent was evaporated to ob- 
tain a yellowish oil. The crude product was 
purified by chromatography on silica gel. Hy- 
drochloric acid was added to the purified, oily 
HNBO,Q in methylene chloride. The yellow crys- 
talline product of HNBO,Q . 2HCl was recrystal- 
lized from methylene chloride (yield, 33%). 
Analysis calculated for CzoH29N02. 2HC12: C, 
61.85; N, 3.61; H, 8.05% and found: C, 61.64; N, 
3.63; H, 8.34%. ‘H-NMR (300 MHz CDCI,): 
0.85(t, 3H), 0.97(t, 3H), 1.25(m, 6H), 1.41(m, 2H). 
1.58(m, 2H), 1.81(m, 2H), 2.97(t, 2H), 3.47(t. 2H), 
4.79(s, 2H), 7.06(d, lH), 7.26(d. lH), 7.34(d, lH), 
8.39(d, 1H). Precise mass calculated: 315.22 for 
Cz,1HzslN02 and found: 315.22. 

In a similar manner, HTBO,Q was synthesized 
from HO,Q and felt-butyl lithium and purified by 
chromatography on silica gel. The product was 
oily (yield, 26%). ‘H-NMR (300 MHz, CDCl,): 
0.85(t. 3H), 1.25(m, 6H), 1.51(s, 9H), 1.62(m, 2H), 
3.47(t, 2H), 4.71(s, 2H), 7.07(d, lH), 7.34(d, lH), 
7.61(d, lH), 8.43(d, IH). Precise mass calcu- 
lated:3 15.22 for C,,H,,NO, and found: 315.22. 

The extractants, (HO,Q) [12] and (HMO,Q) [7] 
were synthesized by our previous method. In 
addition. HO,Q and HMO,Q were synthesized 
by a similar manner to HO,Q and HMO,Q, 
respectively. 

The structures of the 8-quinolinols are shown in 
Fig. 1. 

A heptane solution of HO,Q was prepared by 
dissolving weighed amounts of HO,Q into hep- 
tane just before use. A HMO,Q heptane solution 
was prepared by shaking weighed amounts of 
HMO,Q. HCl with a mixture of heptane and a 
dilute aqueous ammonia solution. A gallium(II1) 
perchlorate stock solution was prepared by re- 
placing the chlordie ion of a spectroscopic stan- 



dard gallium(II1) chloride solution with perchlo- 
rate ion. Heptane was purified by distillation be- 
fore use. All other chemicals were of reagent 
grade and used without further purification. 

The ionic strength was kept at 0.1 M or 0.5 M 
(1 M = 1 mol dm ~ ‘) by addition of sodium 
perchlorate or sodium chloride. The pH of an 
aqueous phase containing gallium(II1) was ad- 
justed with perchloric acid or sodium hydroxide 
solutions. 

2.2. Apparutus 

An inductively coupled plasma atomic emission 
spectrophotometer (ICP-AES, Nippon Jurrell Ash 
ICAP-575) was used for the determination of 
gallium(II1) in aqueous solutions. The pH mea- 
surements were made by a Radiometer PHM93 
pH meter. A mechanical shaker (Iwaki) was used 

OH OH 

Coclyloxymethyl4qutnollnol 2.methyC&octytoxym.thyl- 
Woea) &qulnottnol 

WOeO) 

6 gjCHa 
OH OH 

5.haxyloxymethyl8qutnollnol chexyloxymethyc 
(H-Q) 24mthyl+qulnotlnot 

WOsCI) 

2.~butyt+hexyloxymethyC 2-te~butyt-tkhaxytoxymethyt- 
Squtnotlnol squlnotlnol 
(HNBOsQ) (H--Q) 

Fig. I. Structures of X-quinolinol derivatives. 

to equilibrate the extraction vials. All the experi- 
ments were carried out at 25°C in a thermostated 
room. 

2.3. E.vtraction ryuilibrium 

An aqueous gallium(II1) solution (1 .Ol x 
lOV~l.01 x lop3 M) was placed in a 50 ml 
extraction vial fitted with a plastic cap. To the 
solution, an equal volume of organic solvent con- 
taining 1.01 x lOV~1.01 x 10-l M of extractant 
was added and shaken for 12 h. After centrifuga- 
tion, the gallium(II1) concentration in the aqueous 
phase was determined by ICP-AES. To determine 
the gallium(II1) concentration in the organic 
phase. the Ga(III)-HMO,Q and Ga(III)-HO,Q 
complexes were stripped with 1 M hydrochloric 
acid and the resulting aqueous solution analyzed 
by ICP-AES. The distribution ratio (D = 
[Ga(III)],r,i[Ga(III)],,) was calculated from the 
gallium(II1) concentration in both phases, where 
the subscripts of org and aq represent the organic 
phase and the aqueous phase, respectively. 

3. Results and discussion 

3.1. Estrnction oj‘ Ga(III) with HO,Q jronl cl 
perchloric ucid id hydrochloric acid mediunl 

A shaking time of 12 h was found to be suffi- 
cient to establish the extraction equilibrium of 
gallium(II1) with 1.00 x 10-j M HO,Q at pH 
2.04. Under the given extraction conditions 
( 1 .OO x 10 ~ ’ M HO,Q, pH 1. IO), the distribution 
ratio was independent of the initial gallium(II1) 
concentration (1.01 x 10~s~l.Ol x 10W3 M), sug- 
gesting that the extracted Ga(III)-HO,Q complex 
is a mononuclear species. Also no aggregation of 
the 8-quinolinol derivatives themselves in heptane 
was separately ascertained by studying the distri- 
bution equilibrium [14]. Assuming that the ex- 
tracted Ga(III)-HO,Q complex is Ga(O,Q),, the 
extraction equilibrium is provided as follows: 

Ga3 - + 3HO,Q,,, 2 WO,QL. c,rg + 3H + (1) 

The extraction constant K,, is expressed by Eq. 
(2): 



K. = Pa(O,QM,,,W -1’ 
L’ [Ga’ + ][HO,Q],,,” 

(2) 

Under the acidic experimental conditions, the 
predominant species of gallium(lll) in an 
aqueous phase is Ga(H20),j+ and negligibly 
small amounts of Ga(OH)( H,O),’ - and 
Ga(OH),(H,O),+ occur. The fraction of the hy- 
drolyzed species of gallium( Ill) was calculated 
using the following reported hydrolysis con- 
stants: K,,, = 8.91 x 10 -’ (K,,, = 
[Ga(OH)(H,O),‘+ ][H+]l 
[Ga(H,O),‘+ I), K,,? = 2.51 x 10 ~ ’ (K,,, = [Ga 
(OH)JH20), + [H +]‘/[Ga(H,0),7 + ] at I = 0.1 M 
and 25°C. The presence of dinuclear species can 
be neglected in lower gallium( I II) concentration 
(1.08 x 10 -’ M) [13]. For the calculation of the 
equilibrium constants, the hydrogen ion concen- 
tration was determined by using the measured 
pH value ( = ~ log A, + ) and the activity co- 
efficient (;I = 0.83) of the hydrogen ion at = 0.1 
M. 

If the concentrations of Ga(lIl)-HO,Q com- 
plexes such as Ga(O,Q),, Ga(O,Q),(H,O),+ , 
and Ga( O,Q)(H,O),’ + in the aqueous phase are 
negligibly low compared with that of galliu- 
m(lll), the distribution ratio of gallium(lll) is 
represented by equation (3): 

[WO,QM,,,, 
‘=[Ga’+](l +K,,,[H+] m’+K,,,[H+]P’) 

(3) 

From Eqs. (2) and (3), Eq. (4) is derived. 

logD+log(l +K,,[H-I-~’ +KhZ[H+]-2) 

= - 3 log[H ‘1 + 3 log[HO,Q],,, + log K,, (4) 

Based on calculations using literature, pK,,, pK,, 
and the distribution constant of HO,Q between 
heptane and an aqueous solution at pH 1-2, the 
equilibrium HO,Q concentration in an aqueous 
phase is negligibly low [14]. Therefore. the HO,Q 
concentration in the organic phase is approxi- 
mately equal to the initial HO,Q concentration. 

The plots of logD+log(l +K,,,[H+]-‘+ 
K,JH ‘1 ‘) + 3 log[H ‘1 versus log[HO,Q],,, 
provided a straight line with a slope of 3.2. This 
indicates that three molecules of HO,Q are par- 
ticipating in the extraction of gallium(It1). 

The relationship between log D + log( 1 + 
K,,,[H +] - ’ + K,,JH +] ~ “) - 3 log[HO,Q],,, and 
- log[H ‘1 gave a straight line with a slope of 
2.9, implying that the extraction reaction accom- 
panies the release of three hydrogen ions from 
HO,Q molecules into the aqueous phase during 
the extraction reaction. 

From these results, it was concluded that the 
molar ratio of gallium(lll) to HO,Q in the ex- 
tracted Ga(lII)-HO,Q complex is 1:3 (Ga(O,Q),). 
The log K,, value was determined to be 3.21 _+ 
0.12 at I=O.l M and 25°C (Table 1). It was also 
ascertained that the extractability of gallium(Ill) 
with HOsQ was independent of the chloride ion 
concentration (0.01-0.1 M) at I= 0.1 M(H, 
Na)(Cl, ClO,). 

3.2. Edxtruction of’ G&III) with HMO,Q, 
HMO,Q und HNBO,Q from perchloric acid and 
/tydroclzloric ucid medium 

The extraction equilibrium of gallium( III) 
(1.0 x 10 ~’ M) with HMO,Q (1.0 x lo-’ Mj at 
pH 1.1 was achieved by shaking for 50 h. The 
extracted Ga(llI)-HMO,Q complex is a mononu- 
clear species as in the Ga(lll)-HO,Q case, as 
determined by the independence of the distribu- 
tion ratio on the gallium(lll) concentration 
(2.02 x lOV-1.01 x 1OW’ M). The plots oflogD 
versus log[HMO,Q],,, at pH 3.1 gave a straight 
line with a slope of 2.2 (Fig. 2), suggesting that 
two molecules of HMO,Q are included in the 
extracted gallium(ll1) complex. As mentioned 
above, three molecules of HO,Q are included in 
the extracted gallium(II1) complex. This differ- 
ence may be ascribed to the steric hindrance of 
the methyl group at the 2-position of S-quinoli- 
no1 moiety. The steric hindrance of methyl group 
prevents the third molecule of HMO,Q from co- 
ordinating to gallium(llI). If the extracted 
Ga(lllj-HMO,Q complex is assumed to be 
Ga(OH)(H20)(M0,Q)2. the extraction equi- 
librium is represented by Eq. (5): 

Ga’ + + 2HMO,Q,,, 

+ 2Hz0 2 Ga(OH)(H,O)( MO,Q),, erg + 3H 7 

(5) 



Table I 
Extraction constants of Ga(ll1) with R-quinolinol derivatives in the acidic region 

Extractant 1% K\ Extracted complex Solvent 

H&Q 

HMO,Q 

3.21 & O.l?” 
(0.1 M (H. Na)CIO,) 
-4.14 + 0.16“ 
(0.1 M(H, Na)ClO,) 

Heptane 

Heptane 

HMO,Q 

HNBO,Q 

8-Quinolinol 

(HQ) 
Kelex 100” 
WR) 

I .30 * 0.W 
(0.5 M (H. Na)Cl) 
-3.84 0.16.’ 
(0.1 M (H. Na)CIO,) 
-4.07 2 0.07.’ 
(0.1 M (H. Na)CIO,) 

3.71h 
(0.1 M (H. K)ClO,) 

3.16 

(I M(H, Na)NO,) 

Ga(OxQh 

Ga(OH)lH,O)(MO,Q), 

Ga(CI)(HZO)(MO,Q), 

Ga(OH)(H20)(M0,Q)2 

Ga(OH)(H,O)(NBO,Q)Z 

QQ, 

C&R, 

Heptane 

Heptane 

Heptane 

Chloroform 

Toluene 

* This work. 
h From Ref. [I]. 
c From Ref. [l6]. 
’ 7-( I-vinyl-3.3.5.5:tetramethylhexyl)-8-quinolinol 

The extraction constant K,, is represented as fol- 
lows: 

K = [Ga(OH)(H,O)(MO,Q)21,,, W + I’ 
ex 

[Ga’+][HMO,Q]$ 
(6) 

As discussed above, under the experimental con- 
ditions (pH 2.2-3.1), gallium(II1) exists as 

-2.5 -2 -1.5 

log [extractantlorg 

Fig. 2. Effects of the extractant (HA) concentration in heptane 
on the distribution ratio of Ga(lII). Ga(Ill) 1.43 x IO- s M: 
n , HMO,Q ( - log[H ‘1 = 3.0); l . MO,Q ( -- log[H ‘1 = 1.9); 
4’;. HNBO,Q ( - log[H ‘1 = 3.8). 

Ga( H,O),’ + , Ga( OH)( H,O),’ + and Ga(OH), 
(KO)a + in an aqueous solution. Accordingly, 
the distribution ratio of gallium(II1). D is shown 
by Eq. (7): 

[Ga(OH)(H20)(M0,Q),I,,, 
‘=[Ga’+](l +&,[H+t]- ’ +K,,,[H+] ‘) (7) 

From eqs. (6) and (7), the following equation is 
derived: 

2.2 2.4 2.6 2.0 3 3.2 

- log [H+] 

Fig. 3. Effects of the hydrogen ion concentration on the 
distribution ratio of Ga(lI1) with 0.01 M HMO,Q and 
HMO,Q in heptane. Ga(IIl): 1.43 x IO-’ M. 



logDflog(1 +&[H+] ‘+&[H+]-‘) 

= - 3 log[H +I+ 2 log[HMO,Q],,, + log K,, (8) 

As shown in Fig. 3, the plots of log D + log( 1 + 
K,,,[H+] ~ ’ + Kh2[H +] ~ ‘) versus - log[H ‘1 gave 
a straight line with the slope of 2.9. The result was 
consistent with the above assumption that three 
hydrogen ions participate in the gallium(II1) ex- 
traction. The same results were obtained for the 
extraction of gallium(II1) with HMO,Q and 
HNBO,Q. However, gallium(II1) was not ex- 
tracted with HTBO,Q at all. The log K,, values 
of-4.24i0.16 (HMO,Q), - 3.84 + 0.16 
(HMO,Q), and - 4.07 k 0.07 (HNBO,Q) were 
obtained at I= 0.1 M and 25°C (Table 1). 

As mentioned above, the extractability of 
HO,Q toward gallium(II1) was independent of the 
chloride ion concentration. However, since the 
extraction of gallium(II1) with HMO,Q takes 
place at lower pH region in the presence of chlo- 
ride ion than in the absence of chloride ion, the 
composition of the Ga(III)-HMO,Q complex ex- 
tracted in the presence of chloride ion was stud- 
ied. The independence of the distribution ratio of 
gallium(I11) ion concentration suggests the extrac- 
tion of the mononuclear gallium(II1) complex. If 
we assume Ga(Cl)(H,O)(MO,Q), as the extracted 
species, the extraction reaction can be shown by 
equation (9): 

Ga’ + + 2HMO,Q,,, 

+ Cl ~ !? Ga(C1)(HzO)(MO,Q),,,, + 2H + (9) 

Eq. (10) represents the extraction constant. 

K =DU +&,[H+l-‘+K,,JH+] -‘+B,[CIP]) 
ex 

[H+12 [HMO,QI,,,’ [Cl 1 
(10) 

where p, is the formation constant of GaCl” 
(p, = 10 ~’ at 20°C) [15]. At constant hydrogen 
ion and chloride ion concentrations, the plots 
of log D versus log[HMO,Q],, are expected to 
give a straight line with a slope of two. The plots 
of log D versus log[HMO,Q],,,, gave a straight line 
with a slope of 2.0 and the relationship between 
logD+log(l+K,,,[H+]~‘+K,,[H+]~‘+~,[Cl~]) 
and - log[H ‘1 yielded a straight line with a slope 

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 

log [a-] 

Fig. 4. Etfect of chloride ion concentration on the distribution 
ratio of 1.43 x IO ’ M Ga(IlI) with 0.01 M HMO,Q. 
- log[H ‘1 = 2.0: I = 0.1 M (H. Na)(ClO,. Cl). 

of 2.0. As shown in Fig. 4, we found a linear 
relationship with a slope of 0.9 between log D + 
log(1 +K,,,[H+]P’i-K,,2[H+] ‘+p,[Cl-1) 
and log[Cl-1, indicating that one chloride ion was 
included in the gallium(II1) complex in the course 
of the gallium(II1) extraction. 

These results support the above assumption 
that the extracted species should be Ga(C1) 
(H,O)(MO,Q),. The K,, value was 10’-‘O’o~O’ at 
/= 0.1 M and 25°C (Table 1). The larger extrac- 
tion constant for Ga(Cl)(H20)(M0,Q), than that 
for Ga(OH)(H20)(M0,Q)2 can be ascribed to the 
higher hydrophobicity of Cl ~ than that of OH ~. 

The structures of the extracted Ga(III)-8-quino- 
linol [l], Ga(III)-HO,Q and Ga(III)-Kelex 100 
[16] complexes are expected to show octahedal 
coordination. Ga(III)-Cl-HMO,Q and Ga(III)- 
OH-HMO,Q (HMO,Q, HNBO,Q) complexes ex- 
tracted into heptane may have a octahedral 
configuration, although the five coordinated struc- 
ture cannot be ruled out since 2-methyl-S-quinoli- 
no1 (HMQ) exhibits a five coordinated 
Ga(Cl)(MQ)> in solid. This structure was crystal- 
lographically characterized [ 171. 

The facts that Ga(II1) is extracted with Kelex 
100 and HO,Q as 1:3 Ga(II1) complexes indicates 
that the steric hindrance of bulky alkyl group at 
the 7-position in 8-quinolinol moiety is not essen- 
tial. On the other hand, the steric hindrance of 
alkyl group at the 2-position of HMO,Q should 
be critical for small metal ions such as galliu- 
ni(II1). 
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Table 2 
The distribution ratio (D) of Ga(IIl1 in the presence of AI(III) 

HA [Al(III)]/[Ga(IIl)] D 

AI(III) Ga(IIl) 

H&Q 1 3.6x 10-l 2.5 x 10’ 
10 3.3x IV’ 2.5 x IO’ 

100 3.4 x10-1 1 .o x lo3 

HMO,Q 1 3.0 x 10-I 2.6 
10 3.8 x IO-' 3.5 

100 1.0 x lo-” 4.0 
HNBO,Q I 4.6x IO-' 2.0 x 10" 

IO 5.5 x 10-l 5.0 x 10’ 
100 1.4x10-' 1.0x 10' 

[Ga(lII)] = 1.43 x 10e5 M; [HA],,, = 0.01 M: pH = 2.84-2.99. 

3.3. Separation of gullium(III) fionl 
aluviinum(III) 

Table 2 shows the distribution ratio of galliu- 
m(II1) (1.43 x 10e5 M) and aluminum(III) 
(1.43 x lo-‘-1.43 x lo-” M) with HO,Q, 
HMO,Q and HNBO,Q (0.01 M) at pH 2.84- 
2.99. The distribution ratio of gallium(II1) with 
HO,Q in the presence of aluminum(II1) (1.43 x 
10V5 M-l.43 x 1O-3 M) was more than 2.0 x 
lo*. On the other hand, the distribution ratio of 
aluminum( III) was about 3.7 x 10 ’ in the solu- 
tion containing equal amounts of gallium(II1) and 
aluminum(II1). In the case of 10-100 fold excess 
of aluminum(II1) to gallium(III), the distribution 
ratio of aluminum(II1) was approximately 1.0 x 
10 e-3, Based on these results, HO,Q seems not to 
be a highly selective extractant toward galliu- 
m(II1). Although the distribution ratio of alumin- 
um(II1) with HMO,Q was lower than thr+ with 
HO,Q, gallium(II1) was not completely extracted. 
HNBO,Q exhibited very high selectivity for galli- 
um(II1) in the presence of large amounts of alu- 
minum(II1). The distribution ratio of 
alumium( III) decreased with increasing aluminu- 
m(II1) concentrations. The bulkiness of the alkyl 
group at the 2-position of hydrophobic R-quinoli- 

no1 derivatives may play an important role in the 
selective separation of gallium(II1) from aluminu- 
m(II1). HNBO,Q can be powerful extractants for 
practical use in analytical chemistry and hy- 
drometalurgy due to the high selectivity and low 
solubility of these compounds in acidic aqueous 
solutions. 
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Abstract 

The simultaneous spectrofluorimetric determination of mixtures of aluminium. gallium and indium as their 
&hydroxyquinoline complexes following extraction into chloroform is studied. The high collinearity of the spectra 
hindered their resolution by multiple linear regression (MLR) methodology; therefore. experimental data were 
processed by partial least-squares regression (PLSR) methodology. A previous step in the study of three-dimensional 
fluorescence spectrum is possible to select the best information to quantify this system with high collinearity. Finally 
the optimal conditions for quantitation. the best data preprocessing procedure and the most suitable spectral mode 
for calibration were established. Using an external set allowed the three analytes to be determined simultaineously at 
concentrations below 1 Llg ml ~ ’ with errors less than 10% for aluminium and indium. and 15% for gallium. 

Kqwords: Fluorimetry; Highly correlated spectra; PLSR: Oxine 

1. Introduction 

Spectrofluorimetry is a highly useful interesting 
analytical technique on account of its increased 
sensitivity and selectivity. The development of 
fairly selective spectrofluorimetric methods is fa- 
cilitated by the fact that only a small fraction of 
chemical species is naturally fluorescent, and by 
their discriminating capabilities, which afford ap- 
propriate selection of the excitation and/or emis- 
sion wavelength. In the presence of several 

* Corresponding author. 

fluorescent analytes, wavelength selection is con- 
strained by the width of both the absorption and 
emission bands; this restricts the number of avail- 
able specific wavelengths for each analyte. 

This severe constraint on mixture resolution has 
been addressed in various ways including the use 
of synchronous fluorescence spectra and deriva- 
tive spectra (of both the fluorescence and the 
synchronous type [1,2]), which decrease band- 
width and hence increase selectivity. The excita- 
tion, emission and synchronous paths, in 
combination with differentiation techniques [3], 
and the use of a combination of excitation and 

0039.9140/96/$15.00 C: 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)019’4-8 



1490 M. Blanc0 et al. / Talanta 43 (1996) 1489- 1496 

emission spectra by partial least squares [4], are 
also used for the multivariate resolution of mix- 
tures. Phase-resolved [5] and time-resolved spec- 
trofluorimetry [6], which rely on differences in the 
fluorescence lifetime between mixture compo- 
nents, are effective in many cases but entail using 
sophisticated, expensive equipment. 

Greater information can be obtained from a 
three-dimensional spectrum where fluorescence in- 
tensities are a function of both the excitation and 
the emission wavelength [7,8]. Three-dimensional 
spectra can be used to draw a contour map with 
the excitation and emission wavelengths repre- 
sented on two axes and contour lines connecting 
points of identical fluorescence intensity. The se- 
lectivity can be increased by using from the 
fluorescence intensities three-dimensional matrix a 
vector of fluorescence intensities corresponding to 
excitation and emission wavelengths pairs. The 
selection of the different vectors to assay mixture 
quantitation has been made by visual inspection 
of the contour maps of the three complexes, se- 
lecting those with the bigger differentiation. 

The growing use of computers in the laboratory 
has fostered the development and application of 
mathematical algorithms for processing the vast 
amounts of information provided by modern ana- 
lytical instruments. Multivariate calibration tech- 
niques improve on the selectivity of analytical 
methods and avoid the need for preliminary sepa- 
rations in many instances [&lo]. 

In this work, the potential use of the fluores- 
cence three-dimensional matrix information in 
combination with linear partial least-squares re- 
gression for the resolution of ternary mixtures of 
species with highly correlated absorption and 
emission spectra was assessed. The application is 
demonstrated with the oxinates of aluminium, 
galium and indium in chloroform (oxine or S-hy- 
droxyquinoline is a widely used extractant for the 
determination of metal ions [l l] which forms 
complexes that are both fluorescent and UV-ab- 
sorbing). Resolutions of binary mixtures of the 
above-mentioned metals [ 1,8] have been reported; 
while using multiple linear regression poses few 
problems-not even with strongly overlapped 
spectra-tertiary mixtures result in serious errors. 

2. Experimental 

2.1. Reugen ts 

A 0.01 M 8-hydroxyquinoline solution (Merck) 
was prepared in water-saturated chloroform 
(Fluka). A 1 M acetic acid/sodium acetate buffer 
was also used. Stock analyte solutions of A13+, 
Ga3+ and In3+ containing 1 g 1 of each ion 
(Merck) were made in 1 M HCl in order to avoid 
hydrolysis of the metal ions. The solutions were 
standardized by back titration with ethylenedi- 
aminetetraacetic acid (EDTA) and Zn(I1) using 
Eriochrome Black-T as indicator. Working- 
strength solutions were obtained from the stocks 
by appropriate dilution with double-distilled wa- 
ter. 

2.2. Apparutus 

Spectrofluorimetric measurements were made 
on a Perkin-Elmer LS 50 instrument furnished 
with a xenon flash tube, Monk-Gillieson 
monochromators and 10 x 10 mm quartz cells. 
The instrument was connected to an Epson PC 
AX-2 computer via an RS232-C interface. Its 
bundled software allows instrumental control, 
parameter selection, and recording and processing 
of spectra. All fluorescence measurements were 
made at a scan rate of 200 nm min - ’ and 0.5 nm 
resolution by using excitation and emission win- 
dows of 15 and 10 nm, respectively. All spectra 
were averaged in groups of three as they were 
recorded. 

A Cenco rotary agitator and a Radiometer 29 
pH meter furnished with an Ingold U 455-57 glass 
electrode were also used. 

2.3. Softnlare 

Experimental data were processed with FL 
Data Manager* (FLDM), a software package 
designed for instrumental control and handling of 
fluorescence spectra recorded on Perkin-Elmer 
spectrofluorimeters. 

Contour plots were constructed with the pro- 
gram SigmaPlot v. 2.0, from Jandel Corp. 
(Erkrath, Germany). Partial least-squares regres- 
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sion (PLSR) calibration was done with Unscram- 
bler v. 3.54, from Camo (Norway). 

A multicomponent analysis program (MC) de- 
veloped by the authors in Microsoft QuickBasic v. 
4.5 was used for multiple linear regression (MLR) 
of the sample spectrum on those for the pure 
components. The program calculated the concen- 
tration of the mixture components and their confi- 
dence intervals, and also provided information 
about the regression quality from an analysis of 
the residuals between real and calculated spectra. 

Derivative spectra were obtained with the pro- 
gram FDSG, also developed by the authors, 
which uses the Savitsky-Golay algorithm and 
allows the user to chose window size (from 3 to 21 
points) and the resolution with which the spectra 
to be derived are input (0.5-4 nm at 0.5 nm 
intervals). 

In order to compare the quality of the results 
obtained with the different calibration models 
used, the relative standard deviations for the error 
of prediction (RSEP) for each analyte in the 
sample set were calculated. 

where c’~~,““~ is the concentration calculated, caddrd 
is the concentration present in the mixture and n 
is the number of samples. 

2.4. Extruction und recording oj’ spectra ,fi)r the 
metal-oxinr corqd~.ues 

The optimum conditions for extraction of the 
metal oxinates were determined by using alu- 
minum solutions. The conditions thus established 
were also used for the other two ions. 

The extraction tubes were loaded with 5 ml of a 
slightly acid solution containing one or more of 
the metal ions and 10 ml of oxine in chloroform, 
and placed in a rotary agitator at 50 rev min-’ 
for 10 min. Then, 5 ml of the buffer solution at 
pH 4.7 was added and further agitation was ap- 
plied for 10 min. The extraction tubes were next 
centrifuged at 2000 rev min- ’ for 5 min and 

allowed to stand at about 25°C for 10 min in 
order to equilibrate both phases. Finally, the 
phases were separated and the spectrum for the 
organic one was recorded against a blank pre- 
pared using the same procedure. 

Standard spectra were recorded for five solu- 
tions of each metal ion. The above-described pro- 
cedure was employed to extract the complexes 
with oxine. Oxinate spectra were recorded in trip- 
licate. The UV absorption spectra for the previous 
solutions were standardized and then averaged at 
a concentration of 3, 8 and 12 Llg ml-’ for 
aluminium, gallium and indium, respectively (Fig. 
1) so as to obtain a maximum value of absorption 
as similar as possible for the three complexes. 
Standard fluorescence spectra were recorded simi- 
larly; however, they were stadardized at 12.5 ng 
ml ~ ’ for aluminium, 0.1 pg ml ~ ’ for gallium and 
0.25 /lg ml ~’ for Indium (Fig. 2) in order to 
obtain as similar as possible fluorescence spectra. 
These standard spectra were used for multiple 
linear regression calculations. Single (rather than 
triplicate) mixed spectra for the metal ions were 
recorded by using the same procedure. 

0.6 

1 0.5 

9 o.4 
0.3 

0.2 

0.1 

0.0 1 I I I I I I I I 

370 360 390 400 410 420 430 440 450 

WAVELENGTH (nm) 

Fig. I. UV absorption spectra of aluminium (3 /lg ml ‘). 
gallium (8 pg ml ‘) and indium (12 i~g ml ‘) oxinates at the 
wavelength range 300-430 nm. 
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EMISSIONWAVELENGTH(~~~) EMISSIONWAVELENGTH(~~~) 

Fig. 2. Standard fluorescence spectra of aluminium (12.5 ng 
ml-‘). gallium (0.1 /lg ml-‘) and indium (0.25 /(g ml-‘) 
oxinates obtained at iCX = 394 and 1,, from 470 to 590 nm. 

2.5. Contour tmp 

The contour map was drawn from solutions of 
the metal complexes prepared by applying the 
above-described procedure to three solutions con- 
taining 80 ng ml - ’ Al” + 1 0.59 jig ml ~ ’ Ga3 + 
and 1.92 ,ug ml ~ ’ In3 + Their emission spectra 
were recorded between 440 and 620 nm at excita- 
tion wavelengths over the range 350-450 nm at 4 
nm intervals. The emission spectra obtained at the 
different excitation wavelengths were used to con- 
struct an excitation-emission matrix for each ion, 
from which the contour map was obtained with 
the aid of the program SigmaPlot v. 2.0. Fig. 3 
shows the contour map for the aluminium oxi- 
nate, with its fluorescence maximum at /i,, = 394 
nm and i,,, = 508 nm. The contour maps for the 
other two ions were very similar with the same R,, 
and only differed appreciably in the position of 
the emission maximum (508, 522 and 531.5 nm 
for the aluminium, gallium and indium complex, 
respectively). 

3. Results and discussion 

3.1. Multiple linrur rrgrrssion 

3.1. I. UV ubso~ption spectru 
In previous work we studied the simultaneous 

spectrophotometric determination of aluminium, 
iron, copper, titanium and nickel in binary, 
ternary and quaternary mixtures by extracting 
their oxine complexes into chloroform and using 
MLR [12] for calibration. Application of the same 
procedure to mixtures of aluminium, gallium and 
indium provided the results given in Table 1. As 
can be seen, binary mixtures were resolved with 
good precision; however, ternary mixtures could 
not be resolved at all (quantitation errors ex- 
ceeded 100% for indium). This can be ascribed to 
the highly overlapped and virtually identical 
profile of the absorption spectra for the three 
complexes (Fig. l), with the absorption maximum 
at 390, 394 and 398 nm for aluminium, gallium 
and indium, respectively. Such strong overlap re- 
sulted in high spectral collinearity, which is one of 
the constraints to MLR application [13]. The 

580 

360 380 400 420 440 

Excitation wavelength (nm) 

Fig. 3. Fluorescence contour map of aluminium oxinate and 
the fluorescence maximums of aluminium, gallium and indium 
oxinates. 
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Table I 
Quantitation of aluminium. gallium and indium in mixtures by MLR from absorbance or tirst-deriv,ative spectra rccordcd over the 
range 390-430 nm, and fluorescence spectra obtained at &, = 390 and L,,, from 470 to 590 nm 

Mixture ,I Concentration ranges (mg I- ’ ) 

Al Ga In 

RSEP (‘!it) 

Absorbance 

Al Ga Ill 

First-derivative 

Al Gki In 

AlpGa 3 l-3 2.5-8 
Al-In 3 l-3 3.5 II.5 
GapIn 3 2.5-8 3.8~11.5 
Al-Gaaln 3 2 2.S -5.5 2 4.5 

Al(/lg I-‘) Ga In 

Al~Galn 26 25-83 O.OY- 0.3 0.2s ~O.7 

n, number of samples. 

spectral correlation coefficient is one measure of 
spectral collinearity; as can be seen in Table 2, the 
coefficient for our absorption spectra was always 
greater than 0.99. From the results in Table 1 it 
follows that RSEP values for the first-derivative 
spectra were much poorer because derivation 
raised the spectral resolution but also decreased 
signals and increased spectral noise. 

The lower collinearity between fluorescence 
spectra (Table 2), with emission maxima at 508, 
522 and 531 for aluminium, gallium and indium, 
respectively (Fig. 2), encouraged us to attempt 
their resolution by MLR from standard spectra 
for pure solutions of each metal ion by using the 
wavelength of maximum absorption for the alu- 
minium complex as the excitation wavelength for 
the three ions. 

Table 2 
Correlation coefficients for spectra 

AlkGa Al-In 

Absorbance” 0.9973 0.9905 
Fluorescenceh 0.9895 0.9877 
Fluorescence” 0.9598 0.9372 

a Wavelength range 390-430 nm. 
h * Aen = 390 nm; i,,, =470 590 nm. 
L A,, = 394 nm; i.,, = 470-590 nm. 

Ga-In 

0.9979 
O.Y998 
0.9973 

3.0 I .o 
2.8 

2.5 
23 40 
Fluorescence 

2.3 
3.7 
134 

3.8 4. I - 

4.0 4.8 
- 8.8 9.1 
25 43 149 
First-derivative 

Al Ga In Al Ga In 

12 45 15 9 60 3X 

An overall 26 solutions containing the three 
metal ions at concentrations over the previous 
ranges were prepared and quantified from their 
emission and first-derivative spectra. Table 1 
shows the prediction errors obtained. As can be 
seen. RSEP values were much lower than those 
resulting from the absorbance spectrum but were 
still too high for gallium and indium. Such errors 
were even higher for first-derivative spectra as the 
likely result of the increased spectral noise (Fig. 
4). In order to minimize the effect of noise on the 
quantitation. spectra were derived by using the 
Savitsky-Golay algorithm as implemented in the 
program FDSG, with optimization of both the 
number of points included in the window and the 
resolution with which the spectra to be derived 
were input. Very large window sizes resulted in 
exceedingly diminished signals and the loss of 
spectral information. The best signal-to-noise ra- 
tio for the intended purpose was obtained with a 
7-point window and 2 nm resolution; even so, the 
errors were too large. 

The high collinearity between the emission 
spectra hindered resolution of the mixtures; this 
prompted us to explore the potential use of the 
fluorescence three-dimensional matrix information 
in combination with MLR [8] in order to select a 
wavelength set with a lower correlation that might 
improve on the previous results. The excitation- 
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480 500 520 540 560 580 

EMISSION WA VELENGTH (nm) 

Fig. 4. Non-smoothed first-derivative fluorescence spectra of 
standard fluorescence spectra showed at Fig. 7. 

emission matrix contained abundant information 
(9000 fluorescence data points for each sample), 
which allowed a subset of excitationemission 
wavelength pairs to be selected for calibration and 
sample quantitation. Such points formed vectors 
in the contour plot that was chosen in such a way 
as to maximize the differences between the ana- 
lytes. The following vectors were tested (Fig. 4). 

(4 

(b) 

(4 

Recording the emission spectrum from 450 to 
600 nm using rl,, = 394 nm. 
Recording the excitation spectrum from 360 
to 430 nm using the maximum emission wave- 
length for each complex as its A,,. 
Recording the fluorescence intensity at vari- 
ous excitationemission wavelength pairs 
over the ranges 360-430 nm (A,,) and 450- 
600 nm (A,,,,) conforming to the equations 
i,, = 1.8 A,, and &,, = - 1.25 i,,, + 995. 
Combinations of the previous three. 

The best quantitation results (maximum dis- 
crimination between the three analytes) were ob- 
tained with the model defined by the vector 
including ,I,, = 394 nm and R,, between 450 and 
600 nm. However, as can be seen from Table 1, 
the results were not significantly better: while 
lower, spectral collinearity was still too high-es- 

pecially between the gallium and indium spectra 
(Table 2). 

The fluorescence spectra obtained under these 
conditions were used in all the subsequent calcula- 
tions. 

3.2. Purtiul least-squares regression 

Since none of the vectors tested decreased spec- 
tral collinearity for the system studied to an ap- 
preciable extent-prediction errors were thus 
relatively high-, we assayed PLSR calibration, 
which minimizes collinearity between the variables 
and is less markedly affected by noise [ 131. 

3.2.1. Construction of the calibration mutrix 
The fluorescence spectra for 40 binary and 

ternary mixtures of the three metal ions at con- 
centrations over the ranges O-83 ng ml ’ alu- 
minium, O-0.30 pg ml-’ gallium and O-O.76 ,Llg 
ml ’ indium were recorded. Of the 40 mixtures, 
24 were used to construct the calibration matrix 
and 16 as the external validation set to determine 
the predictive capacity of the method. 

One key to the correct performance of PLSR is 
an appropriate choice of the number of principal 
components, which should account as much as 
possible for the experimental data without result- 
ing in overfitting [13]. There are various recom- 
mended criteria for selecting the optimum number 
of principal components [14]. We used the cross- 
validation method and as many cancellation 
groups as objects were included in the calibration 
matrix, as well as the number of principal compo- 
nents minimizing the validation variance as the 
optimum number of principal components. 

A preliminary model was constructed from 
fluorescence data for the previous samples over 
the wavelength range studied (450-600 nm). 
Then, the output parameters provided by the 
software were used to determine the objects and 
variables that were either outliers or contributed 
no significant information to the model. Such 
objects and variables were discarded and a cali- 
bration matrix consisting of 21 mixtures (three 
objects were removed to be detected like outliers, 
and data were recorded at 2 nm intervals over the 
wavelength range 470-550 nm) was constructed. 
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Fig. 5. Overall residual validation variance 

We assessed two data pretreatment procedures 
(mean-centring and autoscaling), and two PLSR 
calibration modes, namely PLSZ. which uses all 
the analytes to be determined, and PLSI, which 
constructs the calibration mode1 for each of the 
analytes. All these variants were implemented in 
two spectra1 modes: fluorescence and first deriva- 
tive. The mode1 with the maximum predictive 
capacity was determined from the overall error of 
prediction for each analyte in the validation sam- 
ples. 

A plot of the residual validation variance for 
each analyte and the overall residual validation 
variance against the number of principal compo- 
nents (Fig. 5) revealed the minimum value for the 
latter-the criterion used to determine the num- 
ber of PCs to be included in the model-to be 
provided by five PCs with PLS2. On the other 
hand, the PLSl calibration mode led to a different 
number of PCs for each ion (three for aluminium 
and seven for gallium and indium), also shown in 
Fig. 5. However, the predictive capacity was simi- 
lar for the two modes. 

k 
1 

(total and for each ion) calculated with PLS?. 

I In 

Table 3 shows the prediction errors obtained 
for each analyte by applying the four models to 
the 16 external validation samples. The highest 
predictive value was that of the PLS2 mode1 with 
autoscaled fluorescence intensity data (the RSEP 
was 7”% for aluminium and indium and 15% for 
gallium). The errors for the three ions were sub- 
stantially lower relative to the previous treat- 
ments. 

The errors obtained for the three analytes with 
first-derivative spectra were greater than the previ- 
ous ones-particularly those for gallium and in- 

Table 3 
Overall validation (in ‘X,) errors obtained with PLS? 

Al Ga In 

Fluorescence 
mean-centring 
autoscaling 

First-derivative 
mean centring 
autoscaling 

7.1 16.4 8.6 
6.8 14.9 7.5 

9.1 42.3 20.5 
8.3 44.8 22.6 
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Table 4 
Concentrations of the three metal ions calculated by PLS2 
from autoscaled fluorescence data for the validation samples, 
and overall prediction errors 

[AlI WI WI 
(ng ml-‘) bug ml--‘) (~(6 ml-‘) 

Added Found Added Found Added Found 

53 51 
21 30 
80 70 
21 24 
50 49 
66 67 
33 30 
50 52 
66 64 

0 I 
50 50 
66 66 
33 39 
33 33 
33 30 
83 86 

6.8 

0.20 0.22 0.51 0.46 
0.10 0.12 0.76 0.71 
0.10 0.12 0.25 0.22 
0.20 0.18 0.51 0.52 
0.12 0.15 0.61 0.55 
0.24 0.24 0.30 0.30 
0.12 0.17 0.38 0.29 
0.18 0.19 0.61 0.61 
0.18 0.20 0.46 0.44 
0.12 0.12 0.78 0.78 
0.15 0.12 0.61 0.63 
0.12 0.16 0.30 0.23 
0.09 0.08 0.53 0.55 
0.15 0.16 0.61 0.57 
0.21 0.19 0.69 0.70 
0.12 0.13 0.30 0.29 

Prediction error (‘X,) 
14.9 7.5 

dium-since derivation increased spectral resolu- 
tion but diminished signals, decreased the sensitiv- 
ity to gallium and indium relative to aluminium, 
and increased noise. 

In order to better illustrate the quality of the 
results obtained and the real significance of the 
RSEP values given in the previous tables, Table 4 
shows the individual results for the 16 samples 
included in the external validation set. As can be 
seen, the resolution quality was highly satisfactory 
for all the mixtures. 

4. Conclusion 

Spectral collinearity is a major constraint to the 
simultaneous quantitation of several analytes us- 
ing a multivariate calibration technique. The large 
amount of information supplied by spec- 
trofluorimetry, which encompasses a three-dimen- 
sional space composed of A,,, R,, and 
fluorescence intensity, allows an appropriate data 

set to be used to reduce collinearity. Even so, high 
collinearity can prevent correct resolution of a 
mixture (e.g. the proposed mixture) by multiple 
linear regression. In such an event, applying par- 
tial least-squares regression to data for the best of 
several high correlated vectors can minimize 
collinearity problems and enable correct resolu- 
tion of the mixtures. In this respect, we should 
emphasize the good resolution achieved for the 
mixture studied in this work despite the low con- 
centration levels involved. 

Acknowledgements 

The authors are grateful to the Spanish DGI- 
CyT for financial support granted for the realiza- 
tion of this work as part of Project PB93-0899. 

References 

[I] F. Garcia Sanchez, M. Hernandez Lopez and J.C. Mar- 
quez Gomez. Spectrochim. Acta. 43A (1987) 101. 

[2] M. Salgado, C. Bosch, F. Sanchez Rojas and J.M. Cano 
Pa&n, Quim. Anal., 5 (1986) 374. 

[3] R. Jones, T.J. Coomber, J.P. McCormick, A.F. Fell and 
B.J. Clarck, Anal. Proc., 25 (1988) 381. 

[4] A. Mufioz de la Petia, I. Duran-Me&. M.D. Moreno, F. 
Salinas and M. Martinez Galera. Fresenius’ J. Anal. 
Chem., 351 (1995) 571. 

[5] L.B. McGown and F.V. Bright. Crit. Rev. Anal. Chem.. 
I8 (1987) 245. 

[6] E. Soini and J.A. Lovgren. Crit. Rev. Anal. Chem.. I8 
(1987) 105. 

[7] F. Garcia Sanchez. A.L. Ramos Rubio, V. Cerda and 
M.T. Oms, Anal. Chim. Acta, 228 (1990) 293. 

[8] M.T. Oms, R. Forteza, V. Cerda, S. Maspoch, 3. Coello 
and M. Blanco, Anal. Chim. Acta, 233 (1990) 159. 

[9] M. Blanco, J. Coello, F. Gonzalez, H. Iturriaga and S. 
Maspoch, Anal. Chim. Acta, 226 (1989) 271. 

[IO] W. Lindberg. J.A. Persson and S. Wold, Anal. Chem., 55 
(1983) 643. 

[ll] A. Fernandez-Gutierrez and A. Mufioz de la Petia, in 
S.G. Shulman (Ed.), Molecular Luminescence Spec- 
troscopy: Methods and Applications: Part I, Wiley-Inter- 
science, New York, 1985. Chapter 4. pp. 371-546. 

[I21 M. Blanco, J. Coello, F. Gonzalez, H. Iturriaga and S. 
Maspoch. Anal. Chim. Acta. 230 (1990) 221. 

[I31 H. Martens and T. Naes. Multivariate Calibration, John 
Wiley, New York, 1989. 

[I41 J.E. Jackson, User’s Guide to Principal Components. 
John Wiley, New York. Chapter 2. 1991. 



Talanta 
Talanta 43 (1996) 1497-1509 

Calcium carbonate solubility: a reappraisal of scale formation 
and inhibition 

Jean-Yves Gal”,*, Jean-Claude Bollingerb, Henri Tolosa”, Nathalie Gache” 
“Laboratoirr de Chimie Analytique, UniversitP de Montpellier-II, Sciences & Techniques du Languedoc, 34095 Montpellier. France 

bLaboratoire de Chimie Analytique, Sciences de I’Eau & de i’Enz;ironnement, FaculrP des Sciences. 87060 Limoges, France 
‘Srraice Physico-Chimie, Laboratoire Cenrrul des Industries Electriques, 92266 Fontenay-aus-Roses. France 

Received 30 November 1995; revised 12 March 1996; accepted 15 March 1996 

Abstract 

Considerable disparity exists in the published thermodynamic data for selected species in the Ca’ +,IC02/H20 
system near 25°C and 1 atm pressure. Some authors doubt the significance of CaCOy(aq) complexes although there 
is experimental evidence of their occurrence. Evaluation of all the published experimental and estimated data for 
aqueous calcium carbonate species confirms that the consistent set of constants given by Plummer and Busenberg in 
1982 is the best available, and suggests a formation constant log b = 3.22 for CaCO!(aq). This value was confirmed 
by additional experimental data and calculations using a specially developed computer program. The solubility s and 
solubility product KS are critically evaluated for each solid polymorph (amorphous CaCO,, ikaite, vaterite, aragonite 
and calcite) using a hydrated ion pair model and we give coherent explanations for the calcium carbonate 
precipitation/dissolution process and the existence of supersaturated waters. The practical cases of scale formation 
and its inhibition by phosphonate-type compounds are discussed and explained with the same model, taking into 
account the CaCOy(aq) species. 

Kepvords: Calcium carbonate; Scale formation; Scale inhibition: Phosphonates 

1. Introduction 

In a previous paper [l], we presented a model 
for the precipitation of an insoluble ionic com- 
pound MX by the initial formation of a partially 
hydrated uncharged soluble complex species MXE 
whose limiting solubility s depends on its degree 
of hydration. We can therefore write: 

Mh’ + X, oMX+MXJ 

p = IMX$~M; 11~; / and KS = IM; IJX, I 

where I I stands for activity. At equilibrium, 
IMXzl = s, therefore p = s/KS. 

The more hydrated forms are more soluble and 
give higher KS values. The more stable crystalline 
forms are generally those with lower solubility 
product K, values, and therefore lower limiting 
solubility s values. 

Since the value for the formation constant B 

* Corresponding author. Fax: (33) 67.63.35.96. 
probably does not depend significantly on the 
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M+h + X-h <=> MXe& 

l-ru 

MXa 

Scheme I. 

hydration degree of the MX” species, if we know 
0 and KS, it is easy to evaluate the value of s 
according to the simple relationship 

log s = log KS + log /J 

The value of KS depends on the experimental 
method used, precipitation giving higher values 
than redissolution. This can be easily explained if 
we assume that the hydrated forms are first pro- 
duced during precipitation and progressively 
evolve towards less hydrated forms. The kinetics 
of such processes are very important because if 
equilibrium is reached rapidly, the most insoluble 
compound should precipitate immediately. 

When a compound has several different solid 
forms, it is assumed that these correspond to 
solutions of different hydrated forms of the same 
uncharged ion pair complex. It is probably cor- 
rectly written as Scheme 1. 

According to this scheme, it is possible to pro- 
ceed from MX, to MX,, by a redissolution- 
precipitation process since a MXE,-saturated sol- 
ution is also saturated in MXZ,]. This temporary 
formation of two different compounds makes it 
difficult to determine the corresponding solubility 
products. 

However, in the case of redissolution of MX,], 
MX, should not precipitate because s, > s,~. 
MX, supersaturation cannot therefore occur, and 

Table I 
Solubility products for the various forms of calcium carbonate 

only KS,{ can be determined by a study of MX,j 
dissolution. 

Scheme 1 enables us to understand both why 
the more soluble forms generally precipitate first, 
and how, if we do not immediately dry out the 
first crystals obtained. solid phases can evolve 
towards the most thermodynamically stable 
species. 

The formation of calcium carbonate scale is a 
subject of great practical interest because of its 
consequences for industrial or drinking water sup- 
plies. Various solid polymorphs can be obtained 
by varying temperature and other experimental 
conditions, and researchers now have a good 
knowledge of the influence of temperature on 
calcium carbonate solubility products (Table 1). 

In the present paper, we reconsider this well- 
known calco-carbonic equilibrium for, although a 
large body of literature exists on this subject, the 
situation is still somewhat confusing because no 
clear link has been made between the studies 
carried out in various fields (explanation of the 
phenomena in hydrogeology and soil chemistry; 
tap water treatment and scale formation; acid rain 
effects; physiological equilibria during breathing 
or photosynthesis, etc.). We attempt here, in light 
of a new analysis of its thermodynamic aspects, to 
explain the calcium carbonate precipitation/redis- 
solution process, focusing on the usefulness of the 
B = s/K, relationship. We clearly show the impor- 
tance of the various hydrated forms of the soluble 
CaCO;(aq) complex on calcium carbonate precip- 
itation, and use them to explain the behaviour of 
phosphonate-type scale inhibitors. 

Form Structure -log K, 
(at 25°C) 

Temperature law (T in K: I in “C) Reference 

amorphous 6.40 -log K, = 6.1987+0.005336t+0.0001096/~ 21 
ikaite monoclinic 6.62 -log K,= I696:T+0.9336 9 
vaterite hexagonal 7.91 -log K, = +173.1’95+0.077993T-3074.688/T-71.595 log T 20 
aragonite orthorhombic 8.34 -log K,= +171.9773+0.077993T-2903.293/T-71.595 log T 20 
calcite rhomboedric 8.48 -lop KS = + 171.9065+0.077993T-2839.319/T-71.595 lop T 20 
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2. The association constant for the 
calcium/carbonate ion pair 

The existence of the CaCO$aq) ion pair in 
solution was first reported by Greenwald [2] in 
1941. Based on calcite solubility measurements, he 
gave the value log B = 3.0 for the CaCO(:(aq) for- 
mation constant at 25°C. In 1960, Garrels et al. 
[3] used this ion pair concept for calcium carbon- 
ate solubility in seawater. but in 1961 these same 
authors [4] privileged the part of MgCO! and of 
NaCO, in their discussion. Thereafter, even the 
concept of such a CaCOL: species was almost 
systematically ignored, although one year later 
they gave [5] the value log fi = 3.2. However, no 
recent papers dealing with calcium carbonate 
dissolution kinetics, and only some concern- 
ing scale formation [669], take CaCO$aq) into 
consideration. 

These papers by Garrels and his co-authors 
[335] were poorly interpreted by other re- 
searchers, and several unfortunate events have 
contributed to a failure of the CaCOy(aq) con- 
cept. In 1968, Nakayama [lo] carried out a series 
of experiments (whose data will be discussed be- 
low) giving log p = 4.48, but his work was criti- 
cized in 1970 by Lafon [l l] who, based on the 
results of Nakayama [lo] and Grezes and Basset 
[12], gave the value log b = 3.1. In 1968. Lang- 
muir [13] had already concluded that Garrels’ 
value was overestimated, and in 1974 criticized 
[14] Lafon’s procedure and minimized the impor- 
tance of CaCO$aq) compared to CaHCO,+ . The 
same year, however, Langmuir contributed signifi- 
cantly to the determination of the formation con- 
stants for CaCO$aq) and CaHCO,+ between 0°C 
and 50°C in a second paper [15]. These values 
(with log /? = 3.20 at 25°C) are. in fact, in good 
agreement with those of Garrels et al. [5] and 
Lafon [ 111. 

In 1976, while Larson [I 61 proposed a value 
of log p = 3.22 similar to those above, Martynova 
et al. [17- 191 proposed a value, log p = 4.45, simi- 
lar to that of Nakayama, and Avnimelech et 
al. [6] used log /j’ = 4.48 without indicating their 
source. 

In 1982, Plummer and Busenberg [20] published 
values now used as the reference values between 

0°C and 9O”C, with log p = 3.22 at 25°C. These 
authors did not limit themselves to computer cal- 
culations using calcite redissolution data under 
various CO, partial pressures, but obtained, inde- 
pendently, the formation constants for the 
CaCOy (aq) and CaHCO: species by measuring 
the pH at equilibrium in various K,CO,/CaCl, 
mixtures in the absence of precipitate. Using these 
values, Brecevic and Nielsen determined the solu- 
bility products for the amorphous [21] and hex- 
ahydrated (or ikaite) [22] forms of calcium 
carbonate. 

In 1983, the whole subject of formation con- 
stants versus temperature for the various (soluble 
and insoluble) polymorphs of calcium carbonate 
was studied again by Le Guyader et al. [23,24] 
who carried out calculations starting from solubil- 
ity measurements at different pH values, and pro- 
posed a value, log p = 4.31, again similar to that 
of Nakayama. 

During on-going studies in the field of water 
treatment, Le Guyader et al. [7] attempted unsuc- 
cessfully to improve the classic Legrand-Poirier 
plots [25], their values being too discordant with 
those of Plummer and Busenberg. Although the 
p = s/K, relationship was reported in their first 
paper [23], it appears that, having used not only 
calcite redissolution, these authors may have ob- 
tained reproducible supersaturated solutions. By 
choosing - log KS = 8.48 for their calculations 
(like Plummer and Busenberg [20]), all experimen- 
tal errors made in the s measurements are proba- 
bly found in their b values. It is somewhat 
surprising that only Le Guyader et al. and Lafon 
explicitly take into consideration the need to de- 
termine a constant solubility value s, if equi- 
librium is in fact obtained. 

If we use Plummer and Busenberg’s log p 
and log KS values at 25°C for calcite, the 
CaCO! (aq) limiting solubility is 5.5 x lo-” mol 
L ‘. The calcium balance at equilibrium would 
therefore be only slightly, if ever, affected by the 
existence of this species. 

We will show here that this is not the case. 
however, in natural systems or in cooling towers 
or heat exchangers when there is supersaturation. 
Scale formation kinetics can be better explained if 
the presence of hydrated CaCO! species in the 
solution is taken into consideration. It is re- 
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grettable that such a large body of contradictory 
results have delayed our knowledge of such an 
economically important compound whose correct 
formation constant (log /I = 3.15 at 25°C) was 
given as early as 1976 by Smith and Martell [26]. 

3. Comparison of the various sets of constants 

We used the experimental data of Nakayama 
[lo] for numerous long-term calcite redissolution 
studies under controlled carbon dioxide partial 
pressures at 25°C. These data include values for 
CO, partial pressure, total dissolved calcium 
concentration (determined by atomic absorption), 
pH and pCa, and calculated values for log p 
and CaCOi concentrations. It is regrettable that 
Nakayama chose to rely on ion selective electrode 
data for pCa = - logICa + I. in spite of their im- 
precision under his experimental conditions. He 
was immediately criticized for this since only 28 
mV corresponds to a ten-fold variation in calcium 
ion activity. Although it is possible to draw an 
even curve from the measured pH and total cal- 
cium concentration values (which seem to indicate 
that all solutions are in the same state of equi- 
librium) the CaCO’j(aq) solubilities calculated by 
Nakayama are not constant. This, we believe, 
explains his log p values. 

Knowing the Pcoz values and the necessary 
thermodynamic constants, we were able to calcu- 
late the total calcium concentrations [Ca2+], and 
pH values. In Figs. 1 and 2 Nakayama’s experi- 
mental data are compared to our values calcu- 
lated using data in Table 2 where log p, is the 
CaHCO: formation constant and 

[Ca’+], = [Ca24] + [CaHCO,f] + [CaCO$ 

+ [CaOH ‘1 + [Ca(OH)$ 

where [ ] stands for concentration. The equi- 
librium constants for carbon dioxide solubility 
and acidities are those used by Plummer and 
Busenberg [20]. For CaOH+ we used log b = 
1.30 [27], and for Ca(OH)i we estimated log p = 
0.12 from thermodynamic data and retained 
- log KS = 5.19 [26]. Activity coefficients were cal- 
culated according to Davies [28]. 

FH 
3 ,,,,,,““’ 

60 6.2 6.4 6.6 6.8 7.0 7.2 7.4 ?6 

Fig. 1. Total calcium concentration (10 ~’ mol L- ‘) versus 
pH: comparison of Nakayama’s experimental results [lo] 0 
and values calculated using constants taken from V, Smith 
and Martell [26]; n . Lafon [ll]; 0. Avnimelech and Raveh 
[6]; A, Nakayama [lo]: a, Martynova et al. [17-191; and 0, 
Reardon and Langmuir [15]. 

The best agreement was obtained with the sets 
of constants from Plummer and Busenberg [20] 
and Le Guyader et al. [23]. This seems to validate 
previous studies minimizing the effect of CaCO; 
formation on calcocarbonic equilibria. Plummer 
and Busenberg’s data give a CaCOj(aq) limiting 
solubility s = 5.5 x 10e6 mol L ~ ‘, and those of 
Le Guyader et al. give s = 6.8 x 1O-5 mol L-‘. 
This gives a more than ten-fold variation, without 
any modification of the total calcium solubility 
value, as calculated at the calcite solubility equi- 
librium. Solubility data alone therefore do not 

6. 

\ 

L- 

2' 

1 al- 

0 
PH 

.I,/.,.I,I,,.lll 
6.0 6.2 6.4 6.6 68 7.0 7.2 7.4 76 

Fig. 2. Total calcium concentration (IO ’ mol L ‘) versus 
pH: comparison of Nakayama’s experimental results [lo] 5 
and values calculated using constants taken from 0, Le 
Guyader et al. [23] and 0, Plummer and Busenberg [20]. 
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Table 2 
Various thermodynamic constant sets for calcite at 25°C. (K, = solubility product; /3, = CaHCO: formation constant; 
,fI = CaCO: (aq) formation constant; s = calculated limiting solubility.) 

Reference -log K, 

Smith and Martell [26] 
Lafon [I l] 
Avnimelech and Raveh [6] 
Nakayama [lo] 
Martynova et al. [17p19] 
Reardon and Langmuir [ 151 
Plummer and Busenberg [20] 
Le Guyader et al. [23] 

8.35 
8.40 
8.35 
8.31 
8.44 
8.42 
8.48 
8.48 

enable us to choose the best CaCO’$aq) forma- 
tion constant. 

4. Supersaturated solutions 

Because of its economical importance, calcium 
carbonate precipitation has been the subject of 
many studies. Heterogeneous reaction causes 
scaling on walls, notably of heating or cool- 
ing exchangers. Homogeneous kinetics involve 
precipitation in the bulk solution and have re- 
cently been better explained. By studying super- 
saturated solutions at various temperatures, 
sometimes with added inhibitors, Sawada [S], 
and more recently Clarkson [9], demonstrated 
that the ionic activity product 

IAP = ICa’+ IlCO: ~ 1 

remains stable for a certain length of time 
(which depends on temperature), equalling suc- 
cessively the solubility products of the amor- 

ca2+ + coj2- <=> caco3’ha 

or (according to the pH) 

1% PI log B -logs 

1 3.15 5.20 
1.26 3.1 5.30 
1.24 4.48 3.87 
1.25 4.48 3.83 
1.26 4.45 3.99 
1.01 3.20 5.22 
1.11 3.22 5.26 
1.14 4.31 4.17 

phous, vaterite, aragonite and, finally, calcite 
forms. This clearly indicates that calcite forma- 
tion involves the temorary formation of all of 
the other, more soluble, forms of calcium car- 
bonate. This can be presented by Scheme 2 to 
which we have added, according to Clarkson [9], 
the hexahydrate CaC0,.6H,O, which is only ob- 
tained at low temperature or in the presence of 
inhibitors, and was characterized only recently 
in natural systems (in 1963 by Pauly [29] who 
named it ikaite, i.e. “from the Ika fjord”). 

If we assume that log /I at a given tempera- 
ture is similar for all hydrated calcium carbon- 
ate species, it is possible to estimate the total 
CaCO$aq) concentration, depending on the na- 
ture of the polymorph at equilibrium. Values 
were calculated (Table 3) using log p data given 
by both Plummer and Busenberg [20] (3.22) and 
Le Guyader et al. [23] (4.31). It is clear that Le 
Guyader et al. overestimated the CaCOy(aq) 
limiting solubility. Since the total calcium con- 

Ca2+ + HC03- + Hz0 <=> CaCO3’ha + H30+ 

and hereafter 

caco3’ha <=> cac@j”hp <=> caco3°hy <=> caco3°hs <=> caco3°hE 
hU ftu llu Tlu l-TV. 

CaCOg(amorphous) (ikaite) (vatelite) (aragonite) (calcite) 

Scheme 2 
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Table 3 
Limiting solubility fin 10 -’ mol L ‘) at 25°C for each CaCO, 
polymorph, calculated from the CaCO’$aq) formation con- 
stants given by Plummer and Busenberg 1201, and by Le 
Guyader et al. [23]. 

Solid form Ref. [20] Ref. [21] 

amorphous 0.66 8.13 
ikaite 0.40 4.90 
vaterite 0.02 0.25 
aragonite 0.008 0.093 
calcite 0.005 0.068 

centration in solution during scale formation is 
usually about several millimoles per litre, it would 
not be possible to obtain the calculated values for 
the well-known transition through the amorphous 
form. Using the Plummer and Busenberg value, 
however, we arrive at a plausible CaCO’j(aq) con- 
centration, which cannot be disregarded, of around 
one millimole at the beginning of precipitation. 

In order to confirm these calculations, we mea- 
sured the critical precipitation pH, as reported by 
Venderbosch and Overman [30] according to Feitler 
[31]. The pH of a sample was measured during 
continuous, slow addition of a sodium hydroxide 
solution until saturation was reached and the 

solution became cloudy. The pH decreased rapidly 
during calcium carbonate precipitation and finally 
stabilized. The maximum pH value is the critical pH 
(pH,), and the equilibrium value is the saturation 
pH (pH,). We have developed a computer model 
that uses analytical data for a water sample to 
simulate the titration curve and enables us to 
directly determinate pH, and pH, values. We will 
show in a forthcoming paper that this computer 
program could be applied to nuclear power plants 
cooling tower management. It takes into consider- 
ation all of the complexes that can be formed, as 
well as the variations in ionic strength caused by 
reactions and dilution. Comparison of experimental 
and calculated titration curves can reveal the pres- 
ence of a precipitation inhibitor. The software can 
also predict the pH, value at any temperature. 

In this computer program, we used the Plummer 
and Busenberg value [20] for the CaCO: (aq) 
formation constant. In order to validate our choice, 
we used artificial solutions containing 2 x 10 ~ ’ mol 
L-’ NaHCO,, 4 x lop3 mol L-’ CaCl, and 
2 x 10 - 4 mol L ~ ’ HCl. With a Tacussel-Radiome- 
ter titration unit ‘Titrimax TTlOO-TT200’ equipped 
with its electroburette EBX-2. we titrated a 100 mL 
sample with 10-l mol L ~ ’ NaOH at a 0.38 mL 
min ~’ addition rate. The pH was measured with 

10 

0 1 2 3 4 5 6 7 0 

volume of NaOH 0,OlM (ml) 

Fig. 3. pH variation during the addition of IO ~’ mol L- ’ NaOH solution to 100 mL of a solution containing 2 x IO- ’ mol L ’ 
NaHCO,. 4 x IO ’ mol L ’ CaC12 and 2 x IO -’ mol L ’ HCI. Comparison of experimental and calculated values, 



J. Y. Gal et al. / Talarlta 43 (1996) 1497- 1509 

7.5 L-t---+- 

0 5 10 15 20 25 

t (min) 

Fig. 4. pH as a function of time during and after the addition of S x IO-’ mol L ~’ NaOH to 100 mL of a solution containing 
4x lo-’ mol L-’ NaHCO,, 4x lo-’ mol L-’ CaC12 and Sx IO-+ mol L-’ HCI, without inhibitor and with 
I ppm ATMP. Total duration of NaOH addition, IS min. Experimental curves and calculated data. The theoretical precipitation . 
limits for ikaite and amorphous CaCO, are indicated by arrows 

a Hamilton combination glass electrode of the 
‘Flushtrode’ type, in a thermostated cell at 25°C. 
The titration curves were simulated with our com- 
puter program. Data before precipitation (Fig. 3) 
gives evidence of a very good correlation between 
the experimental and simulated curves. When we 
used the value 4.31 instead of 3.22 for the CaCOy 
formation constant, there was a pH deviation of ca. 
0.75 units. 

Plummer and Busenberg’s data [20] for the 
CaCO$aq) and CaHCO: formation constants, 
respectively 

log p = - 1228.732 - 0.299444T+ 35 512.75/T 

+ 485.818 log T 

log /3, = 1209.120 + 0.312947- 34765.05/T 

- 478.782 log T 

(where T is the temperature in kelvin) are therefore 
the most acceptable. 

Studies were also carried out with other mixtures, 
halting NaOH addition when the solution became 
cloudy. We used artificial solutions containing 
4 x lop3 mol L-’ NaHCO,, 4 x lo-’ mol L-’ 
CaClz and 5 x lo- 4 mol L-’ HCl. A 100 mL 
sample was titrated with 5 x 10 ~ ’ mol L ~ ’ NaOH 

at a 0.33 mL min ~ ’ addition rate. Experiments were 
also done with the addition of 1 ppm (3.3 x 10B6 
mol L - ‘) of aminotris-(methylenephosphonic acid) 
(ATMP). Fig. 4 shows typical experimental titra- 
tion curves obtained with and without this scale 
inhibitor and, for comparison, simulated curves 
assuming a supersaturated medium. Initial solu- 
tions were already supersaturated with respect to 
vaterite, aragonite and calcite, and the theoretical 
saturation thresholds for ikaite and amorphous 
calcium carbonate are indicated on the curves. 

At 25°C there is a divergence between simulated 
and experimental curves without ATMP inhibitor 
near the ikaite precipitation point (for 2.10 mL of 
added NaOH). With inhibitor and under our 
operating conditions, a pH of z 10 is obtained 
without any turbidity, a point that will be discussed 
more thoroughly below. Since NaOH addition is 
stopped at a volume of 5 mL, only the slight pH 
decrease indicates that precipitation continues very 
slowly, as opposed to what occurred in the preced- 
ing case. 

Without inhibitor and even at ambient tempera- 
ture, calcium carbonate precipitation seems to be 
initiated by the ikaite polymorph, which thereafter 
changes into vaterite. For temperatures over 30°C 
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0 IO 20 30 40 50 60 70 80 

temperature (“C) 

Fig. 5. The effect of temperature on the nreciuitation oH of the various CaCO, polymorphs. as calculated for a water sample with 
analytical data given in Table 4. 

. . 

ikaite becomes more soluble than the amorphous 
form because its solubility increases with tempera- 
ture (in spite of its increase in instability). 

Fig. 5 gives the precipitation thresholds for 
calcium carbonate polymorphs in the case of a water 
sample from the Seine River; the analytical results 
are given in Table 4. (Our results for amorphous 

Table 4 
Analytical results for a typical French water sample (see 
Fig. 5). Location: Seine river. at Nogent-sur-Seine; Date: 15 
December. 1994; Sampling temperature: 13.5”C. 

Species Concentration 

mg LL’ mol LL’ 

soluble SiO? 6 IO-” 
(y- Ill 2.17 x IO-’ 
Mg’+ 4.0 1.65 x 1O-4 
Nat 6.1 2.65 x IO -’ 
K+ 2.0 5.12x IO ’ 
Cl- 15 4.23 x lo-” 
so:- 20 2.08 x Io-J 
NO, ?6 4.19x IO-” 

P”” 8.5 
carbonate alkalinity” 0.3 meq LL’ 
total alkalinity” 4.86 meq L ’ 

d Measured at the laboratory temperature. i.e. 25°C. 

calcium carbonate are only approximate at T > 
55°C due to the lack of data in Ref. [21].) 

Fig. 5 also gives the threshold corresponding to 
40 times the calcite solubility product. This value is 
often considered in water treatment as a maximum 
value for IAP, in order to avoid scaling phenomena. 
A calcite supersaturation index can therefore be 
defined as 

Q = LAP/K, 

This value of40 was originally proposed by Legrand 
et al. [25] without any theoretical justification, 
Legrand and Leroy [32] have since tentatively 
explained this figure by calculating the energy 
needed for bringing together the Ca2 + and CO: - 
ions, but without taking into consideration CaCO: 
hydrated forms or the dissociation equilibrium of 
HCO, into CO: ~. This limiting value of 40 has 
frequently been questioned. Roques and co-work- 
ers [33336], for example, has repeatedly obtained 
solutions with Q = 80 to 100 during heterogeneous 
scale formation studies at various temperatures. At 
25”C, however, the beginning ofprecipitation corre- 
sponds to R = 72 for ikaite, and to Q = 120 for the 
amorphous form. Fig. 5 enables us to better under- 
stand what occurs in drinking water supplies: at 
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about 10 to 20°C there is only a slight difference 
between the ikaite solubility limit and the value 
R = 40; for hot water, however, the amorphous 
form solubility is nearer this limit. 

We believe this limiting saturation index value of 
Q = 40. as proposed by Legrand and Poirier, is well 
adapted to both temperature ranges of drinking 
waters uses, which explains its practical interest. 
Between 30 and 70°C it is possible to greatly exceed 
this value (see Fig. 5), because of the Q value 
between 90 and 100 for the amorphous form. But it 
must be remembered that at various temperatures, 
this limiting value corresponds to different initially 
precipitating polymorphs. 

Several remarks should be made at this point in 
our discussion. 

Pelouze [37] is erroneously given credit for the 
discovery of CaC0,.6H,O. He operated at 
room temperature with a lime milk left in 
contact with the ambient atmosphere, and de- 
scribed only the existence of a series of hy- 
drates. In the industrial world, only one paper 
[38] describes ikaite formation sometime during 
the winter at a water treatment plant located in 
northern England. We observed [39] a similar 
phenomenon at the Salindres Rhone-Poulenc 
plant near Ales, France, in 1991. 
Scheme 2 clearly shows that calcite solubility 
data obtained from a redissolution process are 
the most reliable because there is no chance of 
supersaturation. A thorough literature survey 
produced a coherent set of data whose differ- 
ences come mainly from the nature of the ionic 
strength correction used. On the other hand, all 
values coming from saturated solution precipi- 
tation processes are slightly higher. 
Slack [38] explained spontaneous ikaite forma- 
tion by the presence of phosphate derivatives in 
treated water. Starting from the same principle, 
Clarkson [9] obtained ikaite at ambient temper- 
ature in the presence of sodium tripolyphos- 
phate Na,P,0,,.6Hz0. 
Isolating and drying the first crystals formed 
without added inhibitor led Tarits et al. [40] to 
mixtures where vaterite could be the main 
form. 
Although more recently obtained, and in the 

absence of inhibitor, we have not retained the 
ikaite solubility product given by Brecevic and 
Nielsen [22] because these authors described 
rhomboedric crystals whereas ikaite has always 
been characterized as monoclinic. 

5. The role of CaCOz in scale formation 

In an attempt to analyse scaling phenomena, 
taking into account formation equilibria for all of 
the CaCOP hydrated forms in solution, we see 
(Table 3) that saturated solutions. when near to the 
formation equilibria for ikaite and amorphous solid 
calcium carbonate, should contain high concentra- 
tions of the soluble form playing the role of the 
precursor. Since this concentration is approxi- 
mately 10 ~ ’ mol L ‘, we are in the range sufficient 
for a relatively rapid solid f 

f/ 
rmation rate. 

If, on the other hand, w have a weakly saturated 
medium whose IAP is only slightly higher 
than the calcite solubility product, the 
CaCO’: (aq) concentration in the solution is approx- 
imately 10 ’ mol L ~ ‘, and it is conceivable that, 
under such conditions, calcite crystal formation and 
growth takes place very slowly if there is successive 
CaCO’$ aq) element addition. 

If this is, indeed, the case, we can understand why 
there are natural waters containing microcrystalline 
calcite and whose IAP is nearly ten times the calcite 
solubility product, without any rapid evolution 
towards the equilibrium state. The growth of exist- 
ing seeds depends on their en- counter with species 
that. in the present case, are only present at 
concentrations of less than lop4 mol L ‘. 

But how can we explain this rapid transition from 
the initially precipitating to anhydrous crystalline 
forms, when we have supersaturated solutions? A 
series of successive equilibria are established beyond 
hydrated calcium carbonate clusters for dissolu- 
tion/dehydration of the various CaCO’: soluble 
species. Their respective concentrations cannot ex- 
ceed the limiting values given in Table 3 but, as 
opposed to the case of slightly saturated solutions, 
their precursors are in a restricted space at the 
precipitate,/solution interface, and any consumed 
species is restored through equilibria displacements 
starting from the redissolution of the precipitated 
form. 
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Fig. 6. Calcium soluble species distribution as a function of pH for the experiment with 1 ppm ATMP as given in Fig. 4 

For heterogeneous kinetic studies, IAP values 
in the bulk solution do not necessarily correspond 
to a transition through solid hydrated forms. 
Koutsoukos et al. [41], for instance, studied scale 
formation on various metallic walls and observed 
that, at 80°C, vaterite settles and progressively 
converts into calcite. Walls might take part in the 
CaCOS(aq) dehydration equilibria, giving out the 
necessary energy and contributing to a rapid re- 
newal of the polymorphs that have been con- 
verted into vaterite and calcite crystals. Again, in 
the present case, the wall/solution interface would 
be a privileged place for the seed-growth kinetics 
by weakly concentrated species in solution. 

Further remarks are as follows. 
l The pH of natural waters is generally lower than 

8.5, except during periods of high photosynthetic 
activity ~421. The IHCO, l/lCO: ~ 1 
ratio is therefore usually higher than 100. Taking 
into account the known values for the CaHCO: 
and CaCOy formation constants, it becomes 
evident that CaCO$aq) is, in fact, often the least 
abundant species. Classical calculations are, 
however, somewhat cumbersome when using 
only the solubility product concept, because we 
must choose between different KS values depend- 
ing on the advancement of the precipitation 
reactions. It is of interest to introduce the concept 
of the ratio 

/CaCO$ICa” A 1 = p x ICOZ I 

Indeed, it is useless to seek possible precipitation 
of a given calcium carbonate polymorph if we are 
not already in the CaCO$aq) formation range. 
On the other hand, the higher the pH, the greater 
the CaCO$aq) form contribution, although its 
percentage never, in fact, reaches 20% of total 
calcium in solution (Fig. 6). 

l Because of a typographical error, it was thought 
[36] that House et al. [43] had introduced the 
CaCO$aq) concept during their kinetic studies 
for CaCO, crystallization. In fact, they consid- 
ered that the percentage of CaCO! is small 
enough to be neglected [44]. 

6. The action of scale formation inhibitors 

Many authors have studied the inhibitory effect 
of common species such as magnesium cations or 
orthophosphate anions. Recently, other mole- 
cules such as sodium tripolyphosphate [9,45], 
ethane I-hydroxy 1, I’-diphosphonic acid (EHDP) 
[41] and amino tris(methylene phosphonic acid) 
(ATMP) [46,47] have also been studied. Since, at 
pH > 6.5 to 7, the electrokinetic potential for 
calcite suspensions is positive [48], many authors 
have explained this inhibitory effect by electro- 
static or adsorption phenomena, and adsorption 
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isotherm determination studies are in agreement 
with such assumptions [48 - 501. 

From a practical point of view, polyphosphates 
and polyphosphonates are of major interest due to 
their presently increasing use as precipitating se- 
questrant additives in washing powders. Taking 
into account their very low concentrations in all 
applications (10 ~ ’ to 10 - 5 mol L ~ ‘), it is evident 
that in spite of their complexing behaviour against 
Ca* + cations [46,51,52], it is not by a masking effect 
[52] that they prevent scale formation. 
Nevertheless, it is not really evident that at 
such low concentrations they can act as crystal 
nuclei poisons. 

Experiments by Clarkson et al. [9] with supersat- 
urated solutions containing sodium tripoly-phos- 
phate showed that, for concentrations of about 
10 ~ 5 mol L- I, both the amorphous and the 
hexahydrate forms are stabilized. These authors 
also showed an increase in tripolyphosphate con- 
sumption when the mixtures progress towards 
calcite precipitation. 

During our studies with ATMP (as with 4 x 10 ~ 6 
mol L- ’ sodium tripolyphosphate) no turbidity 
was observed in spite of the fact that we were well 
beyond the respective precipitation thresholds for 
ikaite and amorphous forms. This enables us to 
reject the assumption that solid/solution interaction 
is the only process involved. Instead of conceiving 
only absorption phenomena which imply calcite 
existence, as soon as the critical pH is reached, we 
believe that the inhibitor/Ca2 + complexes might 
associate with the pre-cursors of crystalline solid 
species, which are present in the solution in the same 
concentration range. Because of their sizes and 
charges, these complexes will form to the detriment 
of crystalline growth and so will maintain 
CaCO:(aq) dehydration equilibria beyond calcite 
solubility limits. 

Operating with various polyphosphonates, Black 
et al. [53] totally changed the appearance of barite 
crystals. Instead of adsorption, they too suggested 
a reaction between BaSO, and the inhibitors giving 
rise to mixed crystals. Without clearly formulating 
a reaction in solution as we do here, these authors 
assume morphological changes in the solution order 
at the crystal interface. 

Dalas and Koutsoukos [41] fixed EHDP onto 

metallic walls and thereby showed the inhibitory 
effect on direct formation of vaterite (and thereafter 
calcite) that would be obtained without such a 
surface treatment. While discussing their inhibitory 
effectiveness, Roques has also described [33] the 
morphological crystal changes when polyacrylates 
are added. 

These results are in good agreement with our 
assumption of a solution reaction between the 
inhibitor and CaCOP(aq). If inhibitors react only 
with CaCO, solid forms, their effects at a given 
concentration should be a function of the mass of 
seeds added to trigger crystallization, but this has 
never been described in the literature. On the other 
hand, the blending of inhibitors into the crystal 
lattice of the solids obtained corresponds well to 
Clarkson’s observation [9] of a tripoly-phosphate 
consumption during evolution towards calcite pre- 
cipitation. 

In our studies, the precipitation of even the 
amorphous species is disturbed by the presence of 
inhibitor. We assume that this is due to the fact that 
our CaCOT(aq)/inhibitor ratio was lower than the 
value in Clarkson’s studies. In our case with ATMP, 
we calculate IAP to be 0.79 x 10V6 at pH 10 while 
Clarkson obtained at the mixing point pH = 11.3 
and IAP = 1.38 x 10 ~ 6 (as estimated by us). More- 
over, a crude mixing of both Ca’ + and CO: - 
reactants cannot be compared with our operating 
conditions where a mixture is progressively raised to 
its precipitation pH. 

Finally, we consider that calcium carbonate 
precipitation and its evolution towards calcite for- 
mation can be delayed using inhibitor agents if seed 
formation itself is altered by the presence of species 
associated with CaCOP(aq). Such a model could 
explain why these compounds are effective at such 
low concentrations. Our model can also provide 
explanations for the mechanisms of the recently 
described preparation of hollow porous aragonite 
shells, as obtained in oil/water/surfactant microe- 
mulsions [54]. 

7. Conclusion 

In the present paper we have given more 
evidence of the existence of the well-known 
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CaCO: (aq) species. Through a critical review of 
published data, we validate the value log ,!? = 3.22 at 
25”C, as given by Plummer and Busenberg [20], with 
NaOH titrations of sodium hydrogenocarbonate 
and calcium chloride mixtures. Always using the 
,4 = s/K, relationship, and assuming that /I depends 
only slightly on the dissolved CaCO: species hydra- 
tion state, we were able to estimate that the 
CaCO$aq) concentration should be ca. 10 ’ mol 
L ~ ’ in saturated solutions, a value that cannot be 
considered to be insignificant, particularly when 
calculating the calcium carbonate 1AP value in a 
cooling tower. 

Since up until now the various CaCO$ aq) species 
have only rarely been taken into consideration in 
studies of scale formation prediction and kinetics, 
we would like to underline the importance of such 
a concept. Our model suggests the existence in 
solution of various CaCOS hydrated forms whose 
solubilities decrease with the number of hydration 
water molecules. Under such conditions, it is easier 
to understand the progressive change of precipi- 
tated forms towards calcite, the most insoluble 
crystalline species. Since these dehydration reac- 
tions are endothermic [55], we can also better 
explain why, when in contact with hot walls, there 
is a more rapid evolution towards aragonite or 
calcite. Finally, and without neglecting other exper- 
imental approaches concerning the part played by 
the inhibitor, we suggest that the assumption of an 
interaction between inhibitor and hydrated CaCOy 
forms can aid in our understanding of this well 
studied but controversial subject. 
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Abstract 

The effects of different organic solvent-water mixtures on the acidity constants of some azomethines derived from 
3-amino-1,2.4-triazol; 2-amino-1.3-pyrimidine and also 2-amino-4-methyl-1,3-pyrimidine have been examined. Two 
pK, values for the o-OH derivatives were determined: one is assigned to the deprotonation of the nitrogen azomethine 
group and the other one is ascribed to the ionization of the OH group. The p-OH derivatives give one pK>, due to 
the ionization of the OH group. On the other hand, it was observed that with the increase in the amount of organic 
solvent in the medium, the pK, of the compound studied is decreased. This behaviour can be accounted for in terms 
of the high stabilization of both the non-protonated and ionic forms of these compounds by dispersion forces rather 
than by hydrogen bonding. Also, the effects of medium polarizability on the pK, values and thus on the spectra of 
the charge transfer band observed have been discussed. 

Keywords: Heterocyclic nitrogen imines; pK, 

1. Introduction 

The knowledge of pK, is considered to be of 
interest for organic and inorganic compounds be- 
cause it has a significant role in many chemical 
reactions. Therefore, numerous works [ l-81 have 
been devoted to the determination of pK, values 
of the Schiff bases. Despite this, information con- 
cerning the effect of the medium on the ionization 
process has not been fully reported. 

The aim of the present work has been to study 
the effect of the medium on the ionization con- 
stants of some azomethines derived from 3- 

amino-l ,2,4-triazol; 2-amino- 1,3-pyrimidine and 
thus 2-amino-4-methyl-1,3-pyrimidine. A number 
of organic solvents of various polarities and basic- 
ities as well as of different tendencies to donate or 
to accept hydrogen bonds have been investigated 
in the present work. The azomethine derivatives 
under examination are 

(I-III): X = o- OH(a); E-OH(b). 
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2. Experimental 

Heterocyclic azomethines under investigation 
were prepared as described earlier [9]. The struc- 
tures of the different synthesized compounds 
were confirmed by micro-chemical analysis and 
no impurities were detected by IR spectroscopy. 

All the chemcials used in this study were ob- 
tained, as high purity materials, from Fluka. 
They were used without further purification. The 
solvents used were methanol, ethanol, acetone 
and dimethylformamide (DMF). They were pur- 
chased from Merck, Uvasol grade. 

The concentration of the solutions prepared 
could not be higher than approximately 1 x 10’ 
mol dm .7 because of the low solubility of some 
of the compounds used. 

2.2. Bufer solutions [lo] 

The modified universal buffer solutions of pH 
values 1.70- 11.90 were prepared in aqueous me- 
dia containing varying proportions of the or- 
ganic solvents used in this work. The pH values 
of these solutions were checked using a MV-87 
digital Pracitronic pH meter, accurate to 4 0.01 
pH units at 25°C. 

Because of the presence of organic solvent in 
the aqueous media of different pH values, the 
acidity, basicity, dielectric constant and ion ac- 
tivities of these partially aqueous solutions are 
altered compared to those of the pure aqueous 
ones. The measured pH values of the former 
solutions must be corrected according to the fol- 
lowing equation [ 111: 

pH* = pH(R) - S 

where pH*, is the corrected reading and pH(R), 
is the meter reading obtained in a partially 
aqueous media, the pH meter is standardized 
using standard aqueous buffer solutions. The 
values of S, of the aqueous buffer solutions con- 
taining varying amounts of the organic solvents 
were determined following Douheret [ 111. 

The electronic absorption spectra of the 
freshly prepared dilute solutions were recorded 

on a Shimadzu UV-Visible Recording Spec- 
trophotometer UV-240. using 1.0 cm matched 
silica cells, at 25°C. 

Infrared spectra were recorded in the region 
4000-200 cm- ’ on a Pye Unicam SP 100 In- 
frared Recording Spectrophotometer, using the 
KBr disc technique. 

3. Results and discussion 

The electronic absorption spectra of the com- 
pounds under investigation in pure aqueous 
buffer solutions and also in those containing 
different proportions of the orgainic solvents, 
namely, methanol, ethanol, acetone or DMF 
were recorded (Fig. 1, as a representative exam- 
ple). 

Generally, the charge transfer (CT) band ob- 
served in the absorption spectra of all the com- 
pounds studied shows a decrease in its intensity 
and meanwhile exhibits also a slight red shift in 
its i,,,, as the pH of the medium is increased. 
On further increase in the pH values ( 3 7.30), 
this band exhibits splitting. This behaviour is 
attributed to the possible existence of such com- 
pounds in the NH/OH tautomeric equilibrium 
[6]. The first split at the shorter wavelength is 
ascribed to the CT transition within the enol 
form (non-ionized form), while the second one 
at the longer wavelength is due to the CT 
within the keto form (ionized form). Thus, in 
solutions of low pH values, these compounds 
exist mainly in the enol form, while they occur 
as keto form in the alkaline solutions. On the 
other hand, we can deduce that the CT interac- 
tion occurring within the solute molecule of 
these compounds is easier under the basic condi- 
tions relative to that under neutral or acidic 
ones. This is owing to the high mesomeric inter- 
action of the OH group belonging to these com- 
pounds in the alkaline media, which increases 
the charge density on the keto tautomer result- 
ing in easier CT interaction. A clear isosbestic 
point at different positions confirms the exis- 
tence of such compounds in ketooenol tau- 
tomeric equilibrium. 



Fig. 1. Absorption spectra of 1 x IO-’ mol dm-’ of compound III,, in solutions containing different wt’%, ethanol: A. 0.0%: B, 
10%: C 30%. D 50%. 7 1. 
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The recorded visible absorption spectra of the 
compounds (I -III),,,, in pure aqueous buffer so- 
lutions and also in those containing different 
proportions of organic solvents, were used in 
the determination of the acidity constant (pK,) 
of these compounds. The absorbance-pH curves 
(Fig. 2) are typical dissociation curves support- 
ing the acid-base equilibrium. The mean pK, 
values were determined from the above curves 
using the spectrophotometric methods, namely, 

the half-wave height, limiting absorbance [12] 
and modified colleter methods [13]. The limit of 
accuracy of the pK, values was checked using 
the least-squares method. The results obtained 
are listed in Tables l-4. 

The pK, values of both the pyrimidine and 
triazol rings cannot be determined since the de- 
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Fig. 2. Absorbance-pH* curves for compound III,, in univer- 
sal buffer solutions containing different percentages of 
ethanol, by wt% ethanol: a, 0.0%; b, 10%; c. 30%: d: 50%. 

protonation of the pyrimidine and the triazol 
rings does not show any order in the absorbance 
of the CT band and other bands. This makes the 

Table I 
Mean pK, and /l,,,ax values for 1 x 10-j mol drn-’ of compound I, in organic solvent-water mixtures. at 25°C 
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evaluation of pK, values inaccurate. Also, the 
inability to determine pK, values of the 
deprotonation of the azomethine group in the 
p-OH derivatives is mainly attributed to the 
effect of the ionization of the OH group 
belonging to these compounds on the absorbance 
of the C=N bond, which probably takes place at 
a pH near the value of pK, of the deprotonation 
of azomethine group. 

In all the media studied, the absorption 
spectra of the compounds (I-III),,,, are 
characterized by a clear isosbestic points 
denoting the existence of an aciddbase 
equilibrium. 

H+AoA+H+ o - OH derivatives 

HA-A- +H+ o - OH and p - OH derivatives 

The results listed in Tables l-3, refer to a 
chemical equilibria occurring between the 
different species of the o-OH compounds (I,, II, 
and III,). Equilibrium between the protonated 

‘%I (W/W) of dielectric constant 
organic solvent of the medium, at 

25°C 

0.0 78.50 

10 75.81 
30 69.60 
50 62.00 

IO 76.25 
30 70.73 
50 63.21 

IO 76.66 
30 71.99 
50 65.31 

10 71.39 
30 74.49 
50 70.24 

7.99 * 0.02 

7.90 & 0.03 340 
6.71 kO.08 341 
6.20 k 0.05 341 

7.21 k 0.03 340 
6.52 & 0.03 340 
6.30 i- 0.06 341 

7.20 & 0.01 340 
6.35 & 0.01 340 
6.15 k 0.08 341 

6.80 * 0.09 342 
6.30 f 0.01 343 
6.20 k 0.02 345 

A,,, (nm) PK,, 

Protonated Non-protonated 
form form 

330 382 
methanol 
385 
386 
390 
ethanol 
380 
387 
390 

10.39 * 0.02 

10.35 * 0.01 340 385 
10.21 * 0.03 341 386 
10.10 + 0.01 341 390 

10.30 * 0.02 340 380 
10.20 & 0.05 340 387 
10.03 * 0.06 341 390 

385 
390 
392 
DMF 
390 
392 
394 

10.25 * 0.03 340 385 
IO. I5 * 0.05 340 390 

9.90 * 0.05 341 392 

IO.15 kO.05 342 390 
IO.10 * 0.01 343 392 

9.41 * 0.04 345 394 

A,,,, (nm) 

Non-ionic Ionic 
form form 

330 382 
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Table 2 
Mean pK, and i.,,, values for I x 10-j mol drn-’ of compound II, in organic solvent&water mixtures. at 25°C 

‘%t (W/W, of Dielectric constant pK,, kat (nm) PL nmjr (nm) 
organic solvent of the medium, at 

25°C Protonated Non-protonated Non-ionic Ionic 
form form form form 

0.0 78.50 8.10 * 0.03 305 

IO 75.81 7.93 * 0.05 305 
30 69.60 7.81 i 0.08 305 
50 62.00 7.72 * 0.01 306 

IO 76.25 7.80 * 0.07 300 
30 70.73 7.72 f 0.07 302 
SO 63.27 7.60 + 0.05 304 

IO 16.66 7.77 * 0.01 305 
30 71.99 7.65 k 0.03 308 
50 65.31 7.60 f 0.01 312 

IO 77.39 7.75 * 0.01 305 
30 74.49 7.50 i 0.02 305 
50 70.24 7.15 i 0.08 306 

380 
methanol 
380 
383 
387 
ethanol 
380 
385 
388 
acetone 
380 
386 
390 
DMF 
380 
390 
400 

10.63 f 0.08 305 380 

10.53 * 0.05 305 380 
IO.21 + 0.01 305 383 
10.05 f 0.01 306 387 

IO.41 * 0.07 300 380 
10.10 & 0.03 302 385 
9.91 f 0.01 304 388 

IO. I I + 0.05 305 380 
9.51 + 0.08 308 386 
9.35 * 0.09 312 390 

10.05 * 0.03 305 380 
9.41 f 0.06 305 390 
9.00 * 0.01 306 400 

and neutral forms, and another one between the 
neutral and the ionic forms are shown below: 

OH 

R-~=CH 
H 

According to the above representative scheme, 
it is noticed that the o-OH compounds give two 
pK, values. pK,, can be assigned to the deproto- 
nation of the nitrogen azomethine group and pK,, 
is ascribed to the ionization of the phenolic OH 
group. On the other hand, the p-OH derivatives 
have one pKa,, mainly due to the ionization of the 
phenolic OH group. In addition, the pK, value of 
the o-OH group is higher than that of the p-OH 
group. This is most likely due to the strong in- 
tramolecular hydrogen bonding between the o- 
OH group and the nitrogen azomethine group, as 
represented above. This will result in an increase 
in the stability of the o-OH group, so its ioniza- 
tion is difficult, i.e. a high pK, value of the 
molecule is observed [5-81. 

Careful examination of the pK, values of the 
compounds studied in different organic solvent- 
water media shows that the pK, values of all the 
compounds are largely dependent on both the 
proportion and nature of organic co-solvent used. 
The ionization and deprotonation constant values 
for all the compounds studied and for the o-OH 
compounds, respectively, decrease by increasing 
the percentage of organic co-solvent in the 
medium. 

The acidity constant in aqueous medium (K,), 
may be related to that in partially aqueous 
medium (K,,,), by means of Eqs. 1 and 2 [14], 

K, = KmyH+y,&,+,, (1) 

K, = Kg,, + jlA-:Iy,jA (2) 

where 7 is the activity coefficient of the sub- 
scripted species in a partially aqueous medium 
relative to that in a pure one. It is known that the 
electrostatic effect of the solvents will operate only 
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Table 3 
Mean pK, an A,,, values for 1 x 10W5 mol dm-’ of compound III, in organic solvent-water mixtures, at 25°C 

% (W/W, of Dielectric constant pK,, hax (nm) P&Z kin mm) 
organic solvent of the medium, at 

25°C Protonated Non-protonated Non-ionic Ionic 
form form - form form 

- 

0.0 78.50 8.61 i- 0.05 284 

10 75.81 8.61 _+ 0.01 285 
30 69.60 7.90 F 0.06 286 
50 62.00 7.82 + 0.08 290 

10 76.24 8.20 * 0.09 285 
30 70.73 7.80 + 0.09 288 
50 63.27 7.61 k 0.07 290 

10 76.66 7.82 & 0.05 308 
30 71.99 7.40 * 0.03 308 
50 65.31 6.81 * 0.01 310 

10 77.39 7.60 _+ 0.08 285 
30 74.49 7.31 * 0.01 288 
50 70.24 6.40 f 0.05 290 

on the activity coefficients of any charged species 
[14]. In the case of deprotonation of the o-OH 
compounds studied, the electrostatic effect on the 
activity coefficient of the proton (H +) exceeds 
that on the acid (H-A). Consequently the electro- 
static effect is expected to exhibit a relatively high 
influence on the deprotonation constant of these 
compounds. So, regarding the ionization of the 
compounds studied, the magnitude of this effect 
on the proton (H + ) and free base (A ~) increases 
compared to that on the neutral compound (HA). 
Thus, the deprotonation and ionization constants 
(K,, and &,) of these compounds are expected to 
increase with the increase in the percentage of 
organic solvent in the medium. These are in accor- 
dance with the results given in Tables l-4. 

Furthermore, it was previously indicated that 
the ionization constants of the acids are affected 
by solvent properties such as the dielectric con- 
stant, acidic and basic strengths [I 5- 171. Also, 
stabilization of the different species existing in 
equilibrium through hydrogen bonding, proton- 
solvent interaction and dispersion forces originat- 
ing from interactions between the solvent and 
solute molecules, plays a significant role in the 

380 
methanol 
380 
381 
383 
ethanol 
380 
382 
384 
acetone 
380 
380 
382 
DMF 
380 
383 
385 

9.65 k 0.04 284 380 

9.60 & 0.03 285 380 
9.35 f 0.03 286 381 
9.32 f 0.01 290 383 

9.51 * 0.05 285 380 
9.34 * 0.01 288 382 
9.30 * 0.01 290 384 

9.36 k 0.03 308 380 
9.31 * 0.05 308 380 
8.90 k 0.08 310 382 

9.50 _+ 0.01 285 380 
9.30 * 0.01 288 383 
8.70 + 0.02 290 385 

ionization constants of acids. Accordingly, the 
observed decrease in the pK, values of all the 
compounds under investigation, as the percentage 
of the organic solvent in the medium is increased, 
can be attributed mainly to the high stabilization 
of both the non-protonated and ionic forms of 
these compounds by dispersion forces rather than 
by hydrogen bonding. This stabilization may be 
due to the high effective density of dispersion 
centres of the solvents under study relative to that 
of water [18]. This behaviour is ascribed also to 
the high stabilization of the proton by its interac- 
tion with organic solvent-water mixtures rather 
than with water molecules alone [14]. Conse- 
quently, the activity coefficients of both the non- 
protonated and ionic forms and of the proton 
decrease by increasing the percentage of the or- 
ganic co-solvent in the medium. This will result in 
an increase in the ionization constant (low pK,) of 
these compounds. 

In the different media studied. an increase in the 
pK, values of the compounds under investigation 
is observed in the presence of the same percentage 
of organic co-solvent in the medium according to 
the following sequence: 
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DMF < acetone < ethanol < methanol 

This behaviour is expected to occur as a result 
of the decrease in the medium polarizability on 
going from DMF-water mixtures to methanol- 
water mixtures within the above sequence [18]. 
This strongly confirms the fact that the high stabi- 
lization of both the non-protonated and ionic 
forms by dispersion forces and that of the proton 
by its interaction with solvents, are the very im- 
portant factors responsible for the decrease in the 
pK, values of the compounds studied as the per- 
centage of organic solvent in the medium is in- 
creased. The low pK, values observed in the case 
of DMF compared to that in alcohol or acetone 
under the same conditions, is attributed to the 
high basicity of DMF i.e. solvent with strong 
hydrogen bond acceptor (from the protonated 
compounds). The reduced pK, values exhibited in 
DMF can be ascribed also to the strong disper- 
sion interaction of the free base with DMF rela- 
tive to that occurring with other solvents [16]. 

ring by alcohol molecules, whereas alcohol acts as 
a proton donor solvent (donor hydrogen bond). 
Such protonation will result in blocking of the 
n-electrons of the nitrogen atom; thereafter, the 
electron charge transfer through the solute 
molecule is not easy. Accordingly, high excitation 
energy is required and a blue shift is observed in 
the alcoholic media. When DMF acts as a hydro- 
gen bond acceptor, therefore, a red shift of the 
CT band is observed through it [7]. 
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Abstract 

A catalytic flow-injection photometric method was developed for the determination of levels of cobalt as low as 
lo-” mol 1-I. The method is based on the catalytic action of cobalt(U) on the oxidative coupling of 3-methyl-2-ben- 
zothiazolinone hydrazone with NJ-dimethylaniline to form a colored dye (i.,,, = 590 nm) in the presence of 
hydrogen peroxide. The extremely activating effect was obtained in the presence of 1,2-dihydroxybenzene-3,5-disul- 
fonate (Tiron) and sodium hydrogencarbonate as activators. Furthermore, the sensitivity of the method was enhanced 
by adding sodium dodecylsulfate as a surfactant. Linear calibration graphs were obtained over the range 0.04-0.2 ng 
ml-’ and 0.1-0.5 ng ml-’ cobalt(I1). respectively, at a sampling rate of 30 per hour. The detection limit 
(signal/noise = 3) was 5 pg ml-’ and the relative standard deviations for 0.1 and 0.04 ng ml-’ cobalt (fz = 10) were 
1.0 and 2.3% respectively. The method was applied to the determination of cobalt in pepperbush. 

Kqworcls: Catalytic flow-injection photometric method: Cobalt determination 

1. Introduction 

* Corresponding author. Fax: (81) 298-53-6503; e-mail: 
kawasima@staff.chem.tsukuba.ac.jp 

’ Presented at the 1995 International Chemical Congress of 
Pacific Basin Societies (PACIFICHEM ‘95) in the Symposium 
on Kinetic and Mechanistic Aspects of Analytical Chemistry. 
Honolulu, Hawaii. USA, December 17722. 1995. 

Many metal ion-catalyzed reactions are utilized 
for the kinetic-based determinations of species 
[1,2]. These catalyzed reactions are known to be 
affected by various chemical substances, particu- 
larly the activator and sufactant. Hence, the 

0039-9140/96~S15.00 10 1996 Elsevier Science B.V. All rights reserved 
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effects of activators and surfactants on cata- 
lyzed reactions have been increasingly exploited 
in the last few years to improve the features of 
kinetic-catalytic methods [l-3]. 

Since kinetic-based methods are time 
dependent, they need care in the mixing of re- 
actants at regular time intervals to obtain re- 
producible results. The flow-injection analysis 
lends reproducibility to both reagent addition 
and reaction times; the flow-injection technique 
is a suitable means of extending the applicabil- 
ity of kinetic-based methods to routine analysis 

141. 
The demand for highly sensitive methods for 

determining ultratrace amounts of cobalt has 
increased in industrial and environmental anal- 
ysis. Indeed, a number of kinetic-catalytic 
methods have been reported using batch and 
flow-injection mode with various monitoring 
systems such as photometric [5-g], chemilu- 
minescent [lo- 121 and thermometric [ 131 detec- 
tions. 

The oxidative coupling of 3-methyl-2-ben- 
zothiazolinone hydrazone (MBTH) with N,N- 
dimethylaniline (DMA) to form a colored dye 
(A,,,,, = 590 nm) in the presence of hydrogen 
peroxide has already been employed as an indi- 
cator reaction for the catalytic determinations 
of copper(I1) [14- 161, chromium(II1) [17] and 
manganese(I1) [l&19]. It was found that 
cobalt(I1) also acts as a catalyst on this cou- 
pling reaction. This paper describes a highly 
sensitive catalytic flow-injection method for the 
photometric determination of cobalt(I1) by us- 
ing this indicator reaction. The catalytic activ- 
ity of cobalt(I1) can be effectively enhanced by 
disodium 1,2-dihydroxybenzene-3,5-disulfonate 
(Tiron) together with sodium hydrogencarbon- 
ate as activators. In addition, the sensitivity of 
the proposed method can be improved by 
adding sodium dodecylsulfate (SDS) as a sur- 
factant. The method can be successfully applied 
to the determination of cobalt in pepperbush 
(National Institute for Environmental Studies 
(NIES) certified reference material No. 1) in 
the presence of triethylenetetramine (trien) as a 
masking agent for copper. 

2. Experimental 

2.1. Apparatus 

Fig. 1 provides a schematic diagram of the 
flow-injection manifold used in this study. The 
flow lines was connected up with Teflon tubing 
(0.5 mm i.d.) and three-way connectors. Reagents 
and carrier streams were propelled by two double 
plunger-type pumps (Sanuki Kogyo, DM2M- 
1026). Samples were injected using a six-way valve 
(Gasukuro Kogyo, MPV-6) into the carrier 
stream. Absorbances were measured at 590 nm 
with a Soma Kogaku S-3250 spectrophotometer 
fitted with a flow-through cell (8 ~1 volume, 10 
mm path length) and recorded with a Hitachi 
model 561-1003 recorder. Two circulating ther- 
mostated baths (Taiyo Kagaku Co., C-630) were 
used to control the reaction temperature and to 
stabilize the base line. The pH of the solution was 
measured with a Horiba F-8AT pH meter. 

2.2. Reagents 

All reagents used were of analytical reagent 
grade. Water, purified with a Millipore Mini-Q 
PLUS system, was used to prepare the solutions. 

A 100 ng ml-’ cobalt(I1) stock solution was 
prepared by diluting a 1000 fig 1-l cobalt(I1) 
standard solution for atomic absorption spec- 
trometry (Kant0 Chemicals) in 0.01 mol 1-l hy- 
drochloric acid. Working cobalt(I1) solutions of 
appropriate concentrations were prepared daily in 

Rl 

Tl, 70-C T2,25”c 
R2 

R3 

R4 

Fig. 1. Flow system for the catalytic determination of cobalt. 
RI, carrier solution: R2. H,O, + Tiron + NaHCO,; R3. 
DMA; R4, MBTH + SDS + tris; P, pump; V, six-way valve; 
RC, reaction coil; CC, cooling coil; Tl, T2, thermostated 
baths; D, spectrophotometric detector; REC, recorder; W, 
waste. 
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the same acid. A stock solution of 0.05 mol 1~ ’ 
MBTH was prepared by dissolving 2.7 g of the 
monohydrochloride (Tokyo Kasei Co.) in water 
and diluting to 250 ml. A stock solution of 0.1 
mol 1-I DMA was prepared by dissolving 3.0 g 
of the compound (Wako Junyaku Co.) in 0.1 mol 
1-l hydrochloric acid and diluting to 250 ml with 
the same acid. A hydrogen peroxide stock solu- 
tion of 4 mol 1~ ’ was prepared from the commer- 
cial reagent (30% Wako Junyaku Co.). Stock 
solutions of 0.8 mol 1~ ’ tris(hydroxymethy1) ami- 
nomethane (tris) (Wako Junyaku Co.), 0.1 mol 
1 --I sodium hydrogencarbonate (Kant0 Chemi- 
cals), 0.1 mol 1 --I Tiron (Dojindo Lab.), 0.2 mol 
1 --I SDS (Tokyo Kasei Co.) and 1.0 x 1OV’ mol 
1-l trien (Wako Junyaku Co.) were also prepared 
in water. More diluted solutions were prepared 
from these stock solutions. 

2.3. Sumple decompostion 

An aliquot of 200 mg of dried pepperbush 
(NIES certified reference material No. 1) is 
weighed into a Teflon vessel. Five milliliters of 
concentrated nitric and 1 ml of perchloric acids 
are added into the vessel. After fastening the cap 
tightly, the vessel is heated in the oven at 90°C for 
2 h and 130°C for 2 h for decomposition. After 
cooling and removing the cap of the vessel, the 
sample is transferred to a 100 ml volumetric flask 
and the volume is adjusted with water. More 
dilute sample solutions for the measurements are 
diluted with 0.01 mol 1-l hydrochloric acid [20]. 

2.4. Procedure 

As shown in Fig. 1, the carrier solution of 
1 x lop2 mol 1~ ’ hydrochloric acid (Rl), a mix- 
ture of 0.6 mol 1-I hydrogen peroxide, 6.0 x 10-l 
mol 1-l Tiron and 7.0 x lo-’ mol 1-l sodium 
hydrogencarbonate (R2), 3.0 x 10-l mol 1-l 
DMA (R3), a mixture of 2.0 x 10-I mol ll’ SDS 
and 2.5 x 10-j mol 1-I MBTH containing 8.0 x 
lo-’ mol 1~ ’ tris buffer (R4) were pumped at a 
flow rate of 1.0 ml min’. A 160 ~1 sample 
solution was injected into the carrier stream. The 
color development proceeded in the reaction coil 
of 5 m length at 70°C and then the colored 

solution was passed through the cooling coil of 2 
m length at 25°C and then the flow-through cell. 
The absorbance of the dye produced was moni- 
tored continuously at 590 nm. 

3. Results and discussion 

In the presence of hydrogen peroxide, MBTH 
reacts with DMA to produce a blue-violet in- 
damine dye, which has an absorption maximum 
at 590 nm. The rate of color-forming reaction is 
catalytically accelerated by cobalt(I1). The co- 
balt( II)-catalyzed reaction possibly involves the 
oxidation of cobalt(I1) to cobalt( III); the col- 
oration is catalyzed by trace amounts of cobalt as 
a result of the regeneration of cobalt(II1) by hy- 
drogen peroxide. In the present system, the syner- 
gistic activating effect of Tiron and 
hydrogencarbonate and the micellar enhancing 
effect of SDS on the catalyzed reaction were 
observed. 

3.1. EfSect of reaction variables 

The sensitivity of kinetic-catalytic methods can 
be augmented by an activator. It has been defined 
as a substance which does not catalyze the indica- 
tor reaction but increases its rate in the presence 
of a catalyst. The use of activators in catalytic 
methods also permits an improvement in their 
selectivity [1,2]. Tiron is known as an activator for 
cobalt(II)-catalyzed reactions [7]. It was found 
that Tiron and hydrogencarbonate when present 
together greatly enhanced the catalytic activity of 
cobalt(I1) in this reaction. Fig. 2 shows the effects 
of Tiron and sodium hydrogencarbonate concen- 
trations on the catalysis of cobalt(I1) at a concen- 
tration of 2 ng ml-’ cobalt(I1). The peak heights 
increased with increasing Tiron or sodium hydro- 
gencarbonate concentration. The peak height ra- 
tio between the presence of 6.0 x lo-’ mol 1-l 
Tiron and its absence was 59. By the same way, 
the peak height ratio between the presence of 
7.0 x lop2 mol 1~ ’ sodium hydrogencarbonate 
and its absence was 56. On the other hand, the 
catalytic activity of cobalt(I1) was strongly en- 
hanced by using Tiron together with hydrogencar- 
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Fig. 2. Effects of Tiron (a) and sodium hydrogencarbonate (b) concentrations on the cobalt(H)-catalyzed reaction. (I) Tiron only; 
(2) in the presence of 5.0 x IO-’ mol I-’ NaHCO,; (3) NaHCO, only; (4) in the presence of 6.0 x lo-’ mol I-’ Tiron. Other 
conditions as in the text. 

bonate. In the presence of a 5.0 x lo-’ mol 1-l 
hydrogencarbonate, the peak heights increased 
with increasing Tiron concentration up to 6.0 x 
lo-’ mol 1 -‘, above which they remained almost 
contant (Fig. 2(a)); a Tiron concentraton of 6.0 x 
10 ~’ mol 1~’ was used for the procedure. In the 
case of sodium hydrogencarbonate with 6.0 x 
10 ’ mol 1~ ’ Tiron. an increase in the hydrogen- 
carbonate concentration substantially increased 
the peak heights (Fig. 2(b)). However, bubbles 
were observed at higher concentrations. A sodium 
hydrogencarbonate concentration of 7.0 x 10 ’ 
mol 1 --I was thus selected. The peak height ratio 
between the presence of 6.0 x 10. ’ mol 1-l Tiron 
with 7.0 x 10 ’ mol 1-l sodium hydrogencarbon- 
ate and the absence of activators was above 1000; 
a synergistic effect of the two activators was ob- 
served in this catalyzed reaction. 

One of the possibilities for further increasing 
the sensitivity of kinetic-catalytic methods is the 
application of micellar medium [3]. Surfactants 
form micelles at the concentration above the criti- 
cal micellar concentration (CMC). Micelles can 
control reaction pathways, change reaction mech- 
anisms, and alter the physico-chemical properties 
of solubilized compounds. The effects of cationic 
(cetylpyridinium chloride, I-laurylpyridinium chl- 
oride, zephiramine), nonionic (brij 35, tween 80, 
tween 20) and anionic (sodium dodecylbenzensul- 
fonate (SDBS). sodium dodecylsulfdte (SDS)) sur- 
factants on the cobalt(II)-catalyzed reaction were 
tested at their concentrations of 1.0% w/v by 
injecting 0.2 and 0.4 ng ml-’ cobalt(I1) solutions. 

The results are shown in Table 1. When cationic 
surfactants were added, precipitates were pro- 
duced; the measurements of absorbance were im- 
possible. In the case of nonionic surfactants, the 
absorbances increased slightly. On the other hand, 
significantly higher abosrbances were obtained in 
the presence of anionic surfactants. Thus SDS was 
chosen as a surfactant. The effect of the SDS 
concentration was examined over the range O- 
4.0 x lo-’ mol 1-l. The peak heights increased 
with increasing SDS concentration up to 2.0 x 
10 -’ mol 1-l almost corresponding to the CMC, 
above which constant peak heights were obtained. 
A concentration of 2.0 x lo--’ mol I-’ SDS was 

Table I 
Effect of surfactant on the absorbance 

Surfdctant” Absorbance 

No surfactant 0.013 0.027 
(SDBS)b 0.102 0.189 
(SDS)b 0.110 0.210 
Brij 35’ 0.037 0.071 
Tween 80’ 0.035 0.070 
Tween 20’ 0.040 0.076 
Cetylpyridinium chloride” 
1 -Laufylpyridinium chlorided 
Zephirdmined 

’ The concentrations of all surfactants used were I w/v’%I. 
h Anionic surfactant. 
’ Nonionic surfactant. 
d Cationic surfactant. 
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VA 
6min scan 

Fig. 3. Peak profiles in the presence (a) and absence (b) of 

SDS. Gow,. 0.2 ng ml-‘. Other conditions as in the text. 

chosen for the procedure. The peak height ratio 
between the presence of 2.0 ? lo-’ mol 1-l SDS 
and its absence was about 8 as shown in Fig. 3. In 
the presence of surfactant, sensitivity can be aug- 
mented as a result of the increased effective con- 
centration of reagents on the micellar surface [3]. 

The effect of the reaction temperature on the 
peak height was examined over the range 30P 
80°C at a fixed cobalt(I1) concentration of 0.2 ng 
ml- ‘. The peak heights increased with increasing 
temperature up to 70°C and became constant 
above 70°C. The reaction temperature was there- 
fore fixed at 70°C. The length of the reaction coil 
was varied in the range l-15 m. The peak heights 
increased with increasing coil length; a 5 m reac- 
tion coil was chosen, taking into account repro- 
ducibility and sampling rate. The effect of pH on 
the peak height was examined over the pH range 
6-9 by using tris buffer solutions. Since a maxi- 
mum signal was obtained at a pH around 8, the 
catalyzed reaction was carried out at pH 8. 

The effect of concentration of the reactants on 
the catalyzed reaction was examined at a concen- 
tration of 0.2 ng ml- ’ of cobalt(U). The peak 
heights increased with MBTH concentration up to 
2.0 x 10-j mol 1 --I, above which they changed 
little. Therefore, a 2.5 x 10-j mol 1-I MBTH was 
selected as the recommended concentration for 
the sake of solubility of the reagent. The peak 
heights increased with DMA concentration up to 
3.0 x 10 ’ mol 1 --I and decreased thereafter, pos- 
sibly owing to the liberation of DMA in a weakly 

alkaline solution. A 3.0 x lo-’ mol 1-I DMA 
concentration was chosen for the procedure. The 
effect of hydrogen peroxide concentration was 
examined over the range O-O.8 mol 1 -I. The peak 
heights increased up to a hydrogen peroxide con- 
centration of 0.5 mol 1 -I, above which almost 
constant peak heights were obtained. A hydrogen 
peroxide concentration of 0.6 mol 1 --I was there- 
fore selected for the procedure. 

3.2. Analytical characteristics 

Fig. 4 shows typical flow signals for cobalt(I1) 
using the present flow system under the optimum 
conditions. By changing the sensitivity of the de- 
tector, linear plots were obtained for two concen- 
tration ranges 0.04-0.2 ng ml-’ and 0.1-0.5 ng 
ml-‘, respectively. The limit of detection for the 
proposed method is 5 pg ml-’ (signal/noise = 3). 
The reproducibility was satisfactory with the 
relative standard deviations of 1.0 and 2.3% for 
ten determinations of 0.1 and 0.04 ng ml-’ 
cobalt(II), respectively, and the sampling rate was 
30 h-‘. 

3.3. Interferencrs 

The selectivity of the present method was as- 
sessed by studying the effect of foreign ions on the 
determination of 0.2 ng ml-’ cobalt(II). The re- 
sults are summarized in Table 2. A relative error 
of less than 2 5% was considered to be tolerable. 

C ,,0.20 ng ml-’ 

0.16 

6min scan 

Fig. 4. Typical flow signals for cobalt(II). Conditions as in the 
text. 
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Table 2 Table 3 
Effect of foreign ions and compounds on the determination of 
0.2 ng ml-’ of cobalt(I1) 

Determination of cobalt in pepperbush” 

Tolerance ratio” Ion and compound added 
[ion] or 
[compound]:[Co(II)] 

Cobalt foundb (pg gg’) 
Calibration method Standard addition method 

10000 

5000 
2000 
1000 
500 
200 
100 
50 

7 
0.2 

Na(1). Zn(II), Pb(11). MO(W). F-, 
Cl-. PO:-, CIO,. CIO;, oxalate, 
tartrate, citrate 
K(I), M&II), SO;- 
Sb(III), Ti(IV), I- 
AI(II1) 
Ca(I1). Ba(II), Cd(I1). Se(IV), As(II1) 
Cr(III), Sr(I1) 
Sn(II), Ni(I1) 
Mn(I1) 
Fe(I1, III) 
Cu(I1) 

16.90’ 16.14’ 
19.13d 23.24“ 

* The certified value is 23 f 3 ALg gg’. 
b Average value for three determinations: relative standard 

deviations were less than 2.3%. 
’ In the absence of trien. 
’ In the presence of trien. 

* A i 5% error was considered to be tolerable. 

Up to a 10 OOO-fold excess for most foreign ions, 

and a 5000-fold excess of potassium(I), magnes- 
ium(H) and sulfate did not interfere. Iron(I1, III) 
showed positive interferences when present in 
seven-fold excess. A serious negative interference 
was observed from copper( although it is not 
fully understood at present why the copper(I1) ion 
showed negative interference in the present 
method. Detailed results will be reported else- 
where. Masking with trien has been tried to elim- 
inate its interference [21]. Fig. 5 shows the effect 
of trien concentration in the presence and absense 

of copper(I1). The concentration of trien up to 
2.0 x 1O-4 mol 1 --I did not affect the catalyzed 
reaction and the interference of copper(I1) was 
effectively eliminated over the range of 5.0-8.0 x 
lo- 5 mol 1-I trien. A trien concentration of 
5.0 x 1O-5 mol 1-l was therefore selected for the 
proposed method. 

3.4. Application 

The proposed method was applied to the deter- 
mination of cobalt in the reference pepperbush. 
Analytical results were obtained by the calibrat- 
tion and standard addition methods. The results 
are shown in Table 3. Since copper(I1) in pepper- 
bush interfered in the determination of cobalt in 
the absence of trien, the contents of cobalt in the 
pepperbush were lower than the certified value as 
is seen in Table 3. In the presence of trien, the 
analytical results of cobalt obtained by the stan- 
dard addition method were in good agreement 
with the certificate value. 

b 
(2) 

Fig. 5. Effect of trien concentration in the absence (1) and 
presence (2) of copper(H). (I) Cc., ,,,,, 0.2 ng ml-‘; (2) C,, ,,,,. 
0.2 ng ml-’ + Co U,,,,, 0.2 ng ml-‘. Other conditions as in the 
text. 

4. Conclusions 

The proposed flow-injection photometric 
method is one of the highly sensitive kinetic-cata- 
lytic methods for the determination of cobalt. In 
this system, extremely high catalytic activity of 
cobalt (II) was obtained with a synergistic activat- 
ing effect of Tiron and sodium hydrogencarbon- 
ate. Moreover, the sensitivity was enhanced by the 
micellar effect of SDS as an anionic surfactant. 
Samples can be analyzed at a rate of 30 hh’ with 
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relative standard deviations of below 2.3%. The 
serious interference of copper(I1) can be elimi- 
nated with trien. The method was applied to the 
analysis of pepperbush with satisfactory results. 
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Abstract 

Four starches obtained from different sources were treated to thermal analysis and their mechanisms of 
degradation were deciphered using a rising temperature method of evaluation. A comparison of the solid state 
reactivity between the four starches was made, using a method known as the c(,--CI, method. By this method, it was 
possible to differentiate between four starches of completely different plant origin. Potato starch and rice starch were 
found to have the highest reactivity. 

Keywords: Starch degradation; Thermal analysis 

1. Introduction 

Starch is arguably one of the most actively 
investigated biopolymers [l]. The structure of 
starch, consisting of amylose and amylopectin units 
has been well characterized [2]. Amylose, the linear 
constituent of starch consists of x-D-glucopyranose 
units linked by c(-( 1,4)ccglycosidic linkages only, 
while in amylopectins, there are c1-( 1,6)a glycosidic 
linkages as well, which lead to branching [3-61. 
There is considerable interest in the thermal decom- 
position of starch, as thermal treatment of dry 
starch usually leads exclusively to its depolymeriza- 
tion if the temperature does not exceed 300°C [7]. 
The products of pyrolyzed starch, known as dex- 
trins, are commerically used as industrial gums [8]. 

* Corresponding author. Fax: ( + 1) 419 537 4033. 

However, the ratio of amylose to amylopectin is 
dependent on the source from which the starch is 
extracted. Watson has reported the percent amy- 
lose content in starches obtained from various 
sources [9]. There have been several reports of 
studies of the degradation pattern of starch from 
different origins analyzed by differential thermal 
analysis (DTA), in the literature [lo-141. Green- 
wood and Muirhead have demonstrated that 
compounds such as alumina and sodium chloride 
used as reference materials, in which the starch 
samples were mixed, affected the thermal degra- 
dation curves of starches [15] and suggested that 
the acquisition of data on starches should be 
carried out in the absence of these materials. 
Nevertheless no significant differences in the ther- 
mograms were noticed between starches from dif- 
ferent origin. In order to address this problem, we 
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decided to develop a general thermal analysis 
technique for the comparative analysis of 
starches. In an attempt to compare the solid state 
reactivity of different starches, four starches origi- 
nating from different plants were treated to ther- 
mal analysis. The starches used for the study were 
rice, potato, corn and wheat starch. All four 
starches degrade to carbon in an atmosphere of 
flowing nitrogen. In this study the kinetic path- 
way followed by these four different starches was 
compared, by introducing the LY-CI, method to 
determine the solid state reactivity of these 
starches on a comparitive basis, without recourse 
to Arrhenius parameters. 

2. Experimental 

The thermal analysis equipment used in this 
study was a simultaneous TG-DTA (ther- 
mogravimetry-differential thermal analysis) unit 
from TA instruments, model number 2960, in 
which the TG and DTA signals are simulta- 
neously obtained on the same sample being ther- 
mally treated. The gas flow rate was monitored 
with the help of an electronic flow meter. In all of 
the experiments a steady flow rate of 100 ml 
min-’ was maintained. Rising temperature exper- 
iments were conducted in which the heating rate 
was 10°C min ~ ’ while considering all of the four 
starches. For each experiment a sample size of 
5-7 mg of starch was used. Variation in sample 
size did not show any significant difference in 
either the percent weight loss or the temperature 
range at which the degradation could be observed. 
The samples were held in alumina crucibles, with 
empty alumina crucibles used for the reference 
holders, and the samples were used undiluted as 
suggested by Greenwood [7]. The presence of 
alumina crucibles did not have any effect on the 
degradation sequence, as was evidenced by the 
experiments in which the data was replicated us- 
ing platinum crucibles. The starch samples were 
obtained from the Sigma Chemical Company. 
There was no residue after ignition in air for all of 
the four starches studied and they were all un- 
modified. All the starches were heated in an atmo- 
sphere of dry nitrogen from ambient to 500°C on 
the TG unit. 

The c(,-cI, method is used here to determine the 
solid state reactivity of different starches on a 
comparative basis. In this method, the reactivity 
of the four starches was compared from their TG 
data (but any other thermal analysis data would 
suffice). The data obtained from the TG of rice 
starch was used as the reference, called Z, and the 
other three were designated CI,. Here both LX~ and 
a, refers to the fraction decomposed in a single 
stage decomposition. The solid state reactivity 
was then assessed from the plots of the extent of 
the reaction of the samples against that of the 
reference, calculated from experiments conducted 
under identical conditions of temperature, gas 
flow and heating rates. 

3. Results and discussion 

Solid state reactivity of the four different 
starches was studied and compared using the CI,- 
CI, method of evaluation. The reactivities of the 
starches was compared by noting the extent of 
decomposition, alpha (u) or the fraction decom- 
posed [16]. c( is determined by the following equa- 
tion: 

II’, - Wf 

where w is the oi weight of substance; W, is the % 
weight of substance at the initial time and wf is 
the % weight of substance at the final time. 

The TG plot of rice starch was used as the 
reference material, though any of the four could 
be selected and +crence (x,) was calculated from 
that. The other three were called ~l,,,,,~,~ (a,). As 
can be seen from Fig. 1, the reactivity of potato 
starch is greater than rice used as a reference, 
while wheat and corn starch have lower reactivity. 
A plot of temperature against time and a deriva- 
tive plot of the same was used also to compare the 
starches (Fig. 2). In all of the four cases, a plot of 
time against temperature appeared as a straight 
line, and this should indicate that there is no 
perturbation due to the reaction temperature of 
the sample, with the slope indicative of the heat- 
ing rate employed. However differences in heat 
capacity due to the applied heating rate and due 
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Fig. 1. x,--r, plot of the starches with rr as rice starch. 

to the reaction being either exothermic or en- 
dothermic, may lead to the presence of a pertur- 
bation. In this case the perturbation is hardly 
noticed since probably only small perturbations 
are involved within a narrow temperature range. 
A derivative plot of time-temperature dTidt 
plotted against time is clearly explicit with regard 
to this minute perturbation and gives much the 
same information as to whether an exothermic or 
an endothermic event is occurring (Fig. 2). Once 
the rate of 10°C min - ’ has been established, the 
derivative plot indicates a background variation 
of less than O.l”C; however in the region of the 
decomposition of the starch, the perturbation 
rises to 0.6”C. 

2, o- lo 20 30 40 50 TWT4SOW 70 Time ~rnl”, 08 74 hit 2000 

Fig. 2. Derivative time-temperature plot of corn starch from 
TGA data. 

Fig. 3. TG plots of the four starches in an atmosphere of dry 
nitrogen. 

The fact that initially the perturbation dropped 
the heating rate below the programmed 10°C 
min-’ would indicate the occurrence of an en- 
dothermic degradation. This can also be used to 
give an indication of the actual heating rate of the 
sample under investigation. In all the cases, the 
conventional heating rate of 10°C min - ’ was 
used but a slight variation does occur, probably 
due to the difference in heat capacities between 
the individual samples. 

Starches were treated to thermal analysis in the 
TG unit under an atmosphere of dry nitrogen, 
where they undergo depolymerization and finally 
conversion to carbon, as can be seen from the TG 
plots (Fig. 3); the degradation process commences 

Fig. 4. x plot of starches against temperature. 
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Table 1 
Order of reactivity of different starches when z, is 0.05 and 0.5 

Entry At z, = 0.05 At rr = 0.5 Starch (q) 
number 1,:x, %i rr 

reveals a distinct difference in the reactivities of 
these starches. We believe that this method illus- 
trates an example for the comparison of similar 
materials and can be applied to other samples. 

1 0.4 0.29 corn 
2 0.6 0.78 

0.9 1.21 potato 

at 250°C and by 400°C there is complete weight 
loss in all of the four cases. The plot of the alpha 
values for each starch against temperature (Fig. 4) 
also shows the reactivity of potato and rice starch 
to be higher than that for wheat and corn starch. 
From Table 1 it can be seen that at a low LY, value 
(0.05) the order of the reaction is rice > potato > 
wheat > corn starch, while at u, = 0.5, the reac- 
tion is in the order, potato > rice > wheat > corn 
starch. 

4. Conclusions 

In this study a new method is utilized to 
provide a comparative method of assessing solid 
state reactivity which avoids the complexities in- 
volved in quoting the Arrhenius parameters and 
the reaction rate mechanism. The reactivity of rice 
and potato starch in the solid state was found to 
be higher than wheat and corn starch. This study 
demonstrates the applicability of the X,-N, 
method to differentiate between the rates of 
degradation of starch from disparate sources. The 
differences in solid state reactivities between the 
starches are subtle by conventional TG-DTA 
methods. However, the use of the LX-U, method 
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Abstract 

A simple and reliable method for the evaluation of the extrinsic coagulation pathway is presented. The method is 
based on the monitoring of the last step of the coagulation pathway in which the human plasma is clotted by the 
presence of the coagulations factors (prothrombin, factor V. factor X, calcium and phospholipids) in an excess of 
thromboplastin. It has been developed using a flow injection system involving the merging-zones and stopped-flow 
modes. The clotting reaction rate is monitored photometrically at 340 nm. The linear range expressed as a percentage 
of total clottable activity was found to be between 10 and 100%. with a relative standard deviation between 0.9 and 
2.8%. The usefulness of the method was tested by determining the fibrin clotting capacity in human plasma from 
healthy and sick individuals with excellent agreement with the conventional clotting method (automated coagulation 
laboratory-nephelometric method). 

Kewmdss: Extrinsic coagulation factors; Flow injection; Haemostasy; Plasma 

1. Introduction 

The wide range of clinical parameters involved 
in the coagulation and fibrinolysis processes 
makes the global evaluation of the haemostasy in 
the clinical laboratory difficult. The analytical 
procedures have been focused on the elucidation 
of the different steps involved. Specific tests for 
the estimation of the primary haemostasy, plas- 
matic coagulation and fibrinolysis have been de- 
veloped so far. 

The procedures used in the clinical laboratory 

* Corresponding author. E-mail: qalmeobj@Jucano.es 

are mainly based on the capacity of the human 
plasma to in vitro clotting, induced by the pres- 
ence or absence of different coagulation factors. 
The methods thus developed require two steps: 
the first is a preparative stage in which the blood 
sample is treated with anticoagulant substances in 
order to avoid the spontaneous coagulation. In a 
second step the plasma obtained is recalcified and 
mixed with the reagent containing additional co- 
agulation factors required for the clotting step. 
The correlation between the clotting time and the 
endogenous coagulation factors is used for the 
diagnosis of haemostasy diseases and for the eval- 
uation of the anticoagulant therapy. 

0039-9140~96~515.00 #!Z 1996 Elsevier Science B.V. All rights reserved 
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The fibrin clot formed is usually monitored by the sequential injection technique and a robotic 
the physico-chemical changes it produces in the method for the detemination of factor XIII have 
medium (e.g. changes in the physical state. viscos- been proposed [47,48]. 
ity. conductivity, colour). An automated method for the evaluation of the 

A number of chronometric methods with differ- extrinsic coagulation pathway in human plasma is 
ent degrees of automation and based on the reported here. The method is an adaptation of the 
above-commented changes have been described in manual prothrombin time test to a flow injection 
the literature (clotting [l-4], agglutination [557] (FI) approach. This method is used as screening 
and precipitation [8,9]). The development of new of the total prothrombinase complex formed, in- 

chromogenic and fluorimetric substrates has in- cluding prothrombin. factor V, factor X,, Ca2+ 

creased the use of optical techniques with this aim and phospholipids, according to the following 

in the last decade, so photometric [10&15], tur- sequence: 

tissular thromboplastin + phospholipids 
+ (‘aZ + 

factor VII ) factor VIIa 

factor X ) factor Xa 

platelet factor III 

+ factor V + Ca’ - F prothrombinase complex 

prothrombin > thrombin 

bidimetric or nephelometric [16- 181 and fluori- 
metric [19922] methods have been developed. 
Also a growing adaptation of these methods to 
commonplace clinical analysers has been imple- 
mented in the last few years [23328]. 

The protein nature of the most abundant coag- 
ulation factors involved in the haemostasy process 
allowed the development of a large number of 
immunoassays based on the synthesis of new ra- 
dioactive or enzymatic labels (radioimmunoassay 
[29], enzyme linked immunosorbent assay [30- 
331). Immunoassay separation techniques such as 
immunoblotting [34], electroimmunodiffusion [35] 
or radioimmunodiffusion [36]) have also been 
used. In this area, application of other chromato- 
graphic or non-chromatographic separation tech- 
niques such as isoelectrofocusing [37], gel 
electrophoresis [38], affinity chromatography [39]. 
molecular exclusion chromatography [40], high 
performance liquid chromatography [41-441 and 
gas chromatography [45.46] has been reported. 

Recently, a continuous flow method based on 

fibrinogen B fibrin monomer 

Ca’+ + factor XIIIa J 

fibrin clot 

According to the literature [24,49] this method 
can be used to evaluate the extrinsic coagulation 
pathway. The approach designed for implementa- 
tion of the method is based on the merging-zones 
and stopped-flow modes and the clotting reaction 
rate is monitored photometrically at 340 nm. 

2. Materials and methods 

2.1. Appamus 

A Unicam 8625 UVjVIS spectrophotometer 
furnished with a Hellma 176.052QS flow cell (25 
/11 inner volume) and equipped with a Perkin- 
Elmer R-100 recorder and a Neslab Exacal EX- 
110 recirculating thermostat was used. A Gilson 
Minipuls-2, four-channel peristaltic pump with a 
rate selector, a laboratory-made dual injection 
valve built using two Rheodyne 5041 injection 
valves and PTFE tubing of 0.5 mm i.d. were also 
used. A Zennitt data PC system connected via an 
RS-232 interface to the detector was used for 
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absorbance-time data acquisition, processing and 
delivery. 

2.2. Reagents and stundurds 

The buffer used was an aqueous solution con- 
taining 10 mmol l- ’ 5,5-diethylbarbituric acid 
sodium salt (Merck No. 500538) adjusted to pH 7.3 
with hydrochloric acid. A carrier solution contain- 
ing 100 mmol l- ’ sodium chloride (Merck No. 
10.6404) and 20 mmol 1-l calcium chloride (Merck 
No. 2382) was prepared in the above-mentioned 
buffer. Calcium thromboplastin (Sigma T-7280) 
was diluted to the appropriate extent in the carrier 
solution. 

Coagulation control level I (Sigma C-7916) con- 
taining standardized human plasma diluted as 
required in the carrier solution was used for quality 
control of the coagulation testing according to the 
literature [50]. 

2.3. Sumples 

Venous blood with 129 mmol 1-l trisodium 
citrate (1 ml per 9 ml of blood) as anticoagulant was 
collected with clean venipuncture and minimal 
stasis from healthy and sick individuals. Plasma 
samples were kept separate, snap frozen in small 
aliquots and stored at -50°C until assay (after 
thawing at 37°C for five minutes). 

I I 

.I PC 1 

d--l-J W 

L-l 
P 

Fig. I. Merging-zones/stopped-flow manifold. S, denotes sam- 
ple: B. buffer: R. reagent: P. peristaltic pump; DIV, dual 
injection valve: a, merging point: L, open reactor: D. detector; 
T, thermostat; PC. personal computer: and w. waste. The 
boxed zone was thermostated. 

Fig. 2. (A) Typical absorbance-time recordings. 1. denotes 
injection, At,, delay time and AZ?. stop time. (B) Detail of the 
coagulation curve. i,, AS, and At denote induction period, 
increment of signal and time, respectively. 

2.4. Flow injection manifold and procedure 

The symmetrical merging-zones and stopped- 
flow manifold shown in Fig. 1 was used in order 
to minimize the reagent and sample consumption. 
It consists of a peristaltic pump (P) which propels 
the carrier (B) stream through two channels. A 
dual-injection valve (DIV) inserts both the calcium 
thromboplastin and sample solutions simulta- 
neously into the buffer streams. Both plugs are 
merged at point a and then driven through the 
reactor L,. When the reaction plug reaches the flow 
cell the peristaltic pump is halted. The clotting 
process is monitored during the stop time. Finally, 
the pump functioning is re-started and the clotting 
plug is wasted. A PC synchronizes the pumping 
periods with the injection time. 

2.5. rvpes of measurements 

Fig. 2 depicts the typical absorbance-time 
recordings obtained. The signal shows two parts 
(Fig. 2(a)). The first one, developed during At,. is 
due to the absorption of the reaction ingredients at 
the selected wavelength and the second (developed 
in the At2 interval) corresponds to the coagulation 
process. The latter can also be divided into two 
parts (see Fig. 2(B)): the first one corresponds to 
the induction period independent of the coagula- 
tion step, probably due to the initial adherency of 
the plug on the wall of the flow cell. The second part 
corresponds to the formation of the clot. 
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Table 1 
Optimization of the variables 

Type Variables Range studied Optimum value 

Instrumental 
Physical 
FI 

Chemical 

Wavelength (nm) 
Temperature (“C) 
Flow rate (ml min-‘) 
Sample volume (~tl) 
Reagent volume (JII) 
Reactor length (cm) 
Delay time (s) 
Stop time (s) 
[5,5-Diethylbarbiturc acid] (mmol I-‘) 

[Sodium chloride] (mmol I-‘) 
[Calcium chloride] (mmol I- ‘) 

PH 
Reagent dilution 
Sample dilution 

200-800 340 
20-60 50 

0.6-2.0 1.6 
IO- 100 50 
IO-- 100 50 
IO- 100 15 
IO-20 14 
30-120 90 

O-100 IO 
0 20 I5 
O-40 20 

6.0-8.0 7.3 
l-10 5 
l-10 5 

The signal acquired, provides a way to establish 
a relationship between the initial coagulation rate 
and the total clotting activity in the sample. Ac- 
cording to the common procedure followed for the 
estimation of the prothrombin time, by using the 
automated coagulation laboratory (ACL)-neph- 
elometric method, it is also feasible to establish a 
relationship between the total clotting activity and 
the prothrombin time commonly used in the liter- 
ature [49]. 

The measurement of the initial reaction rate was 
made along the linear-rising portion of the kinetic 
curve by using the equation V= (A2 - A,)/(t, - t,) 
where A, and A, are the absorbances over the 
linear portion of the curve defined by times tz and 
t,, respectively. 

3. Results and discussion 

3.1. Study of the uaviables 

The optimization of the process was aimed at 
enabling the calcium thromboplastinjsample mix- 
ture to reach the detection system as soon as 
possible, thus allowing a more complete monitor- 
ing of the overall process. The variables influencing 

the system were studied by the univariate method. 
Table 1 shows the ranges in which the variables 
were studied and the optimal values found. 

3.1.1. Physical variables 
The increase in temperatue had a favourable 

effect on the analytical signal, due to an increase 
in the coagulation reaction rate, up to 50°C; above 
this value the change was insignificant. The induc- 
tion period decreased when the temperature in- 
creased above 35°C. 

3.1.2. Chemical vuriables 
The influence of the buffer concentration (5,5-di- 

ethylbarbituric acid sodium salt) on the analytical 
signal in the range studied was insignificant. A 
concentration of 10 mmol l- ‘, enough to keep the 
working pH constant at 7.3, was adopted for 
further experiments. The carrier-buffer solution 
has a sodium chloride concentration of 14.54 mmol 
1~ ’ in order to acheive an ionic strength simialr to 
that of plasma. 

The effect of dilution on both the calcium 
thromboplastin reagent and plasma solution were 
studied in order to minimize reagent and sample 
consumption. A dilution factor of five caused an 
acceptable clotting response with low reagent and 
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Table 2 
Features of the method 

Equation” Linear rdngeb rz Relative standard deviation ‘%I~ Sampling frequency (h- ‘) 

Low Medium High 

In Y= 7.213-0.522 In X 10-100 0.9985 2.8 I.1 

” Y denotes total clotting activity in ‘%!, X denotes the coagulation reaction rate. 

0.8 50 

b measured in ‘%t of total clotting activity. 
’ Value for 20, 50 and 80%) of total clotting activity. 

sample consumption. The carrier solution had a 
calcium concentration of 20 mM in order to avoid 
the dispersion of the calcium from the thrombo- 
plastin solution introduced into the dynamic 
system. 

3.1.3. Hydrodynumic uarinbles 
High flow rates increased the analytical signal 

by reducing the plug dispersion along the system 
as the residence time of the plug was shorter, but 
in turn they made less precise delay time measure- 
ments. A flow rate of 1.6 ml min ~ ’ was chosen as 
a compromise between both effects. Injection vol- 
umes of 50 ~1 for both calcium thromboplastin 
and sample provided the highest analytical signal. 
A length of 15 cm for reactor L, was selected as 
the minimum length that provided efficient mixing 
of the two plugs. Higher length increased the 
dispersion and decreased the analytical signal, i.e. 
a length of 60 cm caused a decrease in the peak 
height of 20%. Shorter reactors are not sufficient 
to connect the merging point a and the flow cell. 

The time variables of the stopped-flow mode 
provided an optimal analytical signal for a delay 
time of 14 s for which the centre of the reacting 
plug was at the detector; the signal increased with 
the stop time but levelled off at 90 s. A plateau 
was obtained for longer times, which showed the 
stabilization of the clotting process. 

3.2. Features of the method 

The calibratin graph was obtained using the 
optimum values of the variables studied above. 
The human plasma calibration control was di- 
luted to an appropriate extent in order to obtain 
a prothrombin activity between 5 and lOO%, cal- 

culated according to the conventional procedure 
[49]. Ten standard solutions were injected in trip- 
licte into the FI manifold. The typical exponential 
relationship between the percentage of 
prothrombin activity and the coagulation rate 
obtained was represented by the following equa- 
tion: 

Y = 1357X- 0.5427 (r2 = 0.9690) 

where Y is the percentage of prothrombin activity 
and X is the reaction rate. Nevertheless, the data 
fit the equation below better 

In Y = 7.213 - 0.5422 In X (I’ = 0.9985) 

which represents the behaviour of the biochemical 
system between 10 and lOO”/o of prothrombin 
activity; it was used in order to establish both the 
precision and applicability of the method. 

A relationship can also be established between 
the coagulation reaction rate and the prothrombin 
time parameter (commonly use in clinical analy- 
sis), according to the mathematical expression: 

2 = 1.403X- 4.096 (t-2 = 0.9747) 

where Z is the prothrombin time and X is the 
reaction rate. 

The precision afforded by the method was stud- 
ied at three levels of prothrombin activity (20, 50 
and SO”/o). Eleven samples of each level were 
injected in triplicate into the dynamic manifold. 
The repeatability, expressed as the percentage rel- 
ative standard deviation, was better than 2.8”/0 in 
all instances (see Table 2). 

The sampling frequency was estimated at 50 per 
hour, due to the time required for the develop- 
ment of the clotting process. 



1536 J.M. Ferndnde=-Rotnero. M.D. Luque de Casrro : Talanta 43 (1996) 1.531-1537 

3.3. Applicatiorz to red samples 

The performance of the method was tested by 
applying it to the determination of the total clot- 
ting activity in plasma, using twenty-five samples 
(from healthy and sick individuals) from a hospi- 
tal. The samples were classified according to the 
precedence in normal plasma or plasma with anti- 
coagulant therapy (courmarin or heparin treat- 
ment). 

The results were compared with those obtained 
by using the ACL-nephelometric method [24] as 
shown in Fig. 3. The correlation equation and 
coefficient are as follows: 

Y= 0.974X+ 1.106 (r = 0.9980) 

where Y is the FI method and X is the ACL 
method. As can be seen, an excellent correlation 
exists between the proposed and the conventional 
method. 

4. Conclusions 

An automatic method based on flow injection 
has been used for the evaluation of the 
haemostasy process. This is the first time that a 
continuous flow system has been proposed to 
implement this assay. 

100 

0 20 40 60 60 100 

ACTIVITY (%), ACL method 

Fig. 3. Correlation between the proposed method (FI) and the 
ACL-nephelometric method. Normal plasma samples (n) 
plasma (ten samples with similar concentration) after treat- 
ment with coumarin (m) or heparin (0). 

The simplicity, repeatability and sensitivity of 
the method make it a valid alternative to the 
commercial methods for the determination of the 
prothrombin activity in plasma. 

The sample throughput achieved by the FI 
approach surpasses that of the existing methods 
for this parameter. The results obtained by apply- 
ing the continuous method to plasma samples 
agree well with those provided by the conven- 
tional method widely used in clinical laboratories. 

The approach is a useful tool for the estimation 
of the extrinsic coagulation pathway (prothrom- 
bin, factor V, factor X,, Ca’ - and phospholipid). 
It could be the basis for the development of new 
approaches in this area of clinical analysis. 
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Abstract 

The development of hydrometallurgical techniques such as the iron(II1) chloride+sodium chloride system for the 
recovery of metals from scrap materials necessitates the analyses of these metals in a high salt medium during the 
recovery studies. An alternative method for the analysis of lead and tin in strong brine and high iron systems by flame 
atomic absorption spectrometry is a microsampling technique in combination with in situ standard addition. Relative 
standard deviations of 1.2% and 2.2% were obtained for the analysis of lead and tin respectively. The accuracy for 
the method is also satisfactory with recoveries ranging from 90% to 102%. The microsampling technique is rapid and 
simple. requires small volumes of sample and offers no clogging problems during the atomic absorption analyses. 

Kqwwds: Lead and tin analysis; Microsampling technique 

1. Introduction 

The dissolution of scrap materials from which 
metals of interest are to be recovered is one of the 
basic steps in the recycling especially that of solid 
scrap materials. One of the most common solvent 
systems used in the dissolution of metal alloys is a 
mixture of concentrated acids. For example, a 
standard procedure in the dissolution of solder is 
by heating the alloy in a mixture of concentrated 
hydrochloric and nitric acids. A mixture of fluoro- 
boric acid and hydrogen peroxide has also been 
used to dissolve a lead alloy containing tin and 

* Corresponding author. Fax: (60) 4-657-4854. 

antimony [I]. The use of hydrometallurgical pro- 
cessing for the recovery of metals from scrap 
materials offers another alternative. Kolodziej 
and Adamski [2] have suggested the ferric chloride 
hydrometallurgical process which uses acid solu- 
tions of ferrous chloride to recover silver from 
electronic scrap materials. Langer et al. [3] have 
tried the cupric chloride process for the recovery 
of copper from scrap materials. McDonald et al. 
have used cupric bromide in the recovery of cop- 
per from copper sulfide and ore concentrates [4]. 
An attempt has been made to use ferric chloride 
in a solution of sodium chloride of high concen- 
tration as a leaching reagent for solder in order to 
recover the tin and lead (T.S. Wai and H. Darus, 

0039-9140~96/$lS.O0 Q 1996 Elsevier Science B.V. All rights reserved 
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unpublished results). This mixture is a non-acidic 
solvent consisting of a mixture of iron(II1) chlo- 
ride-sodium chloride, which is less corrosive 
compared to acids. Because of the presence of a 
high concentration of iron(II1) and sodium chlo- 
ride, the analysis of lead and tin in the mixture 
needs further studies. 

The presence of these ions may cause problems 
during the analysis of lead and tin using atomic 
absorption spectroscopy involved in the recovery 
studies. Many studies have been reported on the 
analysis of lead and tin but studies on the effects 
of the analysis of both elements in concentrated 
salt medium have been rather limited [5-lo]. The 
interference effect of cations is usually overcome 
by using solvent extraction techniques or ion ex- 
change methods. Even though the interfering ele- 
ments are eliminated by these methods, these 
methods are tedious and problems such as the loss 
of the analyte during the extraction process or 
passage through the ion exchange column cannot 
be avoided. An alternative method is presented 
here for the analysis of lead and tin in strong 
brine and high iron systems by flame atomic 
absorption spectrometry using a microsampling 
technique in combination with in situ standard 
addition, In the microsampling technique, small 
volumes ( < 500 /tL) of solution were pipetted 
into a Teflon sampling cone and directly nebu- 
lized by a conventional capillary pneumatic nebu- 
lizer in a premixed flame. The transient recorder 
responses that result have similar precision and 
sensitivity to that obtained with normal larger 
(I-5 mL) samples by atomic absorption studies 
[I 1 - 131. This sample introduction technique was 
found to be less susceptible to system clogging 
than normal steady state aspiration techniques 
since less sample is aspirated per analysis. The 
method of standard additions is used to ascertain 

Table 1 
Instrument parameters 
- 

Element Wavelength Slit Width Current Flame 

Pb 
Sn 

217.0 nm I.0 nm 5.0 mA Air-acetylene 
235.5 nm 160 nm 6.0 mA NOz-acetylene 

the elemental concentration in order to overcome 
sample matrix effects. Standard additions were 
performed on-the-spot in the Teflon sampling 
cone. 

2. Experimental 

2.1. Appuratus 

A GBC Scientific Equipment Pty Ltd. (Aus- 
tralia) Model 903 atomic absorption spectrometer 
equipped with a standard nebulizer, 10 cm burner 
head, hollow cathode lamps and Pantos model 
Unicorder U-228 strip chart recorder was used for 
the analysis of lead. Background correction using 
a deuterium lamp was employed. 

An IL 357 atomic absorption spectrometer 
equipped with a standard nebulizer, 5 cm burner 
head and hollow cathode lamps was used for the 
analysis of tin. The instrument parameters are 
given in Table 1. 

Microliter pipettes (fixed and variable volume) 
were used. A Teflon sampling cone was con- 
structed as shown in Fig. 1 with a capacity of 5 
PL up to 2 mL with a 45” taper. 

2.2. Reagents 

All reagents were of analytical grade. All water 
used was deionized and distilled. 
l Standard lead solutions: (1000 Llg mL-’ Pb): a 

mass of 1.5985 g of analytical grade Pb(N0,)2 
(Riedel de-Hahn) was dissolved in distilled, 
deionized water; 10 mL concentrated nitric acid 

t TO NEBULIZER 

Fig. I. Teflon sampling cone. 
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Table 2 
Determination of lead in a synthetic tin-lead alloy 

Sample Concentration Concentration Percentage 
of Pb spike of Pb determined recovery 

b-w) (ppm) Wo) 

PI 2.50 2.25 90.0 
P2 2.50 2.45 98.0 
P3 2.50 2.55 102.0 
P4 5 .oo 5.20 104.0 

was added and the solution was diluted to 1 liter. 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

7 

Standard tin solutions: (1000 pg mL- ’ Sn): a 
mass of 1.000 g tin (99.99%) (Datuk Keramat 
Smelting, Pulau Pinang) was dissolved in aqua 
regia (HCl:HNO,; 10:2), and diluted to 1 liter. 
Standard iron solutions: (1000 p g mL- ’ Fe): 
ammonium iron(I1) sulfate, (NH4)* Fe(SO,),. 
(6H,O), from E. Merck (Damstadt, Germany) 
was dissolved in 1 liter of water. 
Lead Standard 948206: Orion Research In- 
Corp., Cambridge, Massachusetts, USA (lead as 
lead perchlorate, certified traceable to National 
Bureau of Standards SRM 928). 
Tin-lead alloy wire (60/40). 
Concentrated nitric acid (65%) from Riedel de 
Hahn. 
Concentrated hydrochloric acid (36%) from 
Ajax Chemical. 
Sodium chloride from R. M. Chemical, R & M 
Marketing, Essex, UK. 
Disodium salt of ethylenediaminetetraacetic 
acid (EDTA). 
Sodium fluoride from Fluka. 
Hexamine from BDH. 
Xylenol orange from BDH. 

,.3. Procedure 

2.3.1 Synthetic tin-lead ulloy solution 
Synthetic tin-lead alloy solutions with a 60:40 

tin to lead ratio were prepared using standard tin 
and lead solutions. These solutions also contained 
100 ppm iron(I1) and 2.0 M sodium chloride to 
simulate samples resulting from the dissolution 
of the tin-lead alloy by ferric chloride hy- 
drometallurgy. 

2.3.2. Standard lead 948206 
The original lead standard solution contained 

0.1000 f 0.005 mol L-’ lead (in the form of lead 
perchlorate). This is equivalent to 20720 pg mL-’ 
of lead. For the purpose of analysis, this stock 
solution was diluted to a range between 0 and 10 

wm. 

2.3.3. Pure tin-lead alloy 
The pure tinlead alloy used in these studies is 

in the shape of a wire (diameter 1.2 mm, gauge 18 
S.W.G.). The wires were cut with a pair of pliers 
to a length of 1.0 + 0.2 cm. One alloy sample was 
dissolved in a mixture of 10 mL of concentrated 
hydrochloric acid and 2 mL of concentrated nitric 
acid, heated slowly on a hot plate, cooled and 
later filtered through some glass wool to get rid of 
the insoluble impurities. Another alloy sample 
was dissolved using ferric chloride hydrometallur- 
gical dissolution (T.S. Wai and H. Darus, unpub- 
lished results). 

2.3.4. Microsampling technique 
Sample (100 pL) was pipetted into the Teflon 

cone using a micropipette. Water (100 pL) was 
added to the sample in the cone. The sample was 
then introduced by manually inserting the end of 
the plastic nebulizer tubing into the cone. A tran- 
sient recorder signal resulted immediately. The 
concentration was estimated by comparison with 
the steady state signal of the appropriate standard 
solutions. The concentration was evaluated by the 
method of standard additions which was in situ in 
the Teflon cone. The volume of the standard 
added was 100 @L of an appropriate standard. At 
least three replicates were carried out for each 
sample. 

2.3.5. Direct measurement 
The standard solutions and the samples were 

aspirated directly into the flame. The concentra- 
tions of tin and lead in the samples were calcu- 
lated by means of a calibration curve. These 
results were then compared to those obtained by 
the method of in situ standard additions using the 
microsampling technique. 
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Table 3 
Determination of lead in standard lead samples 

Sample Concentration of Pb Concentration of Pb 
(certified value. ppm) (wm) 

Percentage 
recovery (%) 

DM 

LSI 20720 20800 
LS2 20720 18800 

DM, direct measurement. 
SA, standard addition using the microsampling technique. 
LSI in distilled water. 
LS2 in 2.0 M NaCl solution. 

23.6. Titrution method 
Several solutions, 0.2 M standard EDTA solu- 

tion, 0.01 M Pb(NO,), standard solution, 30% 
aqueous hexamine solution and a 0.2% xylenol 
orange solution were prepared. About 0.4 g of 
sample was weighted accurately. It was then dis- 
solved in 10 mL concentrated hydrochloric acid 
and 2 mL of concentrated nitric acid with gradual 
heating. The mixture was then brought to the boil 
for 5 min. A volume of 25 mL of a 0.2 M 
standard EDTA solution was added and the mix- 
ture was again brought to the boil for another 
minute. A clear solution was obtained. This was 
then diluted to 250 mL with distilled water in a 
volumetric flask. Aliquots (25 mL) of the sample 
were pipetted into three separate conical flasks. 
Hexamine solution (15 mL), 110 mL of distilled 
water and four drops of xylenol orange were 
added to each of the conical flasks. Each mixture 
was then titrated with standard lead (II) nitrate 
solution until the color change from yellow to 
reddish purple was observed. Sodium fluoride 
(2 g) was then added to the mixture. The color of 
the solution then turned yellow as a result of 
EDTA being released from the tin(IV)-EDTA 
complex. This solution was then titrated until a 
purple color, which was stable for at least a 
minute, was observed. 

23.7. Precision und accuracy of the 
microsanipling technique 

The precision and accuracy of the microsam- 
pling technique with in situ standard addition for 
the analysis of lead and tin in various media were 
evaluated. 

SA DM SA 

18400 100.4 88.8 
20000 90.7 96.5 

Three samples of the synthetic tin-lead alloy 
solution were each spiked with 2.5 ppm of lead. 
The concentration of lead in these samples were 
then obtained by using the microsampling tech- 
nique. The recoveries for the 2.5 ppm spike were 
then calculated. 

Two solutions of the lead standard 948206 were 
prepared. One solution, LSl, was diluted from the 
stock solution with distilled water. The other, 
LS2, was prepared containing 2.0 M NaCl, 100 
ppm iron and 100 ppm tin. The concentration of 
lead was determined using the microsampling 
technique and the direct measurement method. 

A comparison between the three methods, that 
is, the method of standard addition using the 
microsampling technique, the direct measurement 
method and the titrimetric method was made for 
two alloy samples. One sample, PSl, was dis- 
solved in a mixture of concentrated hydrochloric 
acid and concentrated nitric acid. The other sam- 
ple, PS2, was dissolved in a mixture of FeCl,- 
NaCl (T.S. Wai and H. Darus, unpublished 
results). 

3. Results and discussion 

3.1. Accuracy of the determination of led using 
the rnicrosutnpling technique 

The recovery percentage for the 2.5 ppm lead 
spike on three samples of synthetic tin-lead alloy 
solutions was calculated. The recovery percentage 
ranged from 90.0% to 102.0%. Another sample 
which was spiked with 5.0 ppm lead gave a recov- 
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Comparison between the three methods for the determination of lead and tin 

Sample Sample Weight determined (g) Percentage (‘%I) 
weight (g) A B A B C 

Pb Sn Pb Sn Pb Sn Pb Sn Pb Sn 

PSl I .0045 0.4906 0.5600 0.4746 0.5500 48.84 55.75 47.25 54.75 48.03 51.97 
PS2 0.2314 0. I 150 0.1330 0.1150 0.1250 49.70 54.02 49.70 54.02 49.92 50.52 

A, standard addition using the microsampling technique. 
B, direct measurement. 
C. titrimetric method. 
Note: for the titrimetric method, a different sample was used. 

ery of 104.0%. The results are shown in Table 2. 
This showed that the microsampling technique 
gave accurate results for the determination of lead 
in samples containing 2.0 M NaCl and 100 ppm 
iron. 

Two samples of standard lead, LSl and LS2, 
were analyzed for lead using the microsampling 
technique and the direct measurement method. 

Table 5 
Precision data for the three methods in the determination of 
tin and lead 

Method Standard Direct Titrimetric 
addition measurement method 
using the method 
microsampling 
technique 

Pb 
Mean (%) 49.21 48.48 48.98 
Standard 0.6 1.7 1.3 

deviation 
Relative 1.2 3.5 2.7 

standard 
deviation 
(‘Xi) 

Sn 
Mean (‘XI;,) 54.88 
Standard I.? 

deviation 
Relative 2.2 

standard 
deviation 
(‘%) 

54.38 
0.5 

0.9 

51.24 
1.0 

2.0 

Recoveries for the lead are shown in Table 3. 

3.2. Comparison between the three methods for 
the determination of tin and lead 

The results show good agreement for the deter- 
mination of tin and lead between the three meth- 
ods as shown in Tables 4 and 5. The relative 
standard deviation for the determination of lead 
using the microsampling technique, 1.2%, was the 
lowest among that obtained for the three methods 
whilst that for the titrimetric method is the 
highest, 2.7%. However, the relative standard de- 
viation for the determination of tin using the 
microsampling technique was the highest. 

4. Conclusion 

The precision for the microsampling technique 
is satisfactory (a relative standard deviation of 
1.2% for the analysis of lead and about 2.2% for 
the analysis of tin). The accuracy for the method 
is also satisfactory with recoveries of 90% to 
102%. Therefore, with respect to the precision and 
accuracy of the microsampling technique together 
with its advantages, such as it being rapid and 
simple, requires small volumes of sample and has 
no clogging problems during the atomic absorp- 
tion analysis, this technique was found to be 
suitable for the determination of the lead and tin 
in solder samples or solder dissolved using the 
iron(II1) chloride hydrometallurgical process. 
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Abstract 

The separation and isolation of goId(II1) by selective extraction and transport through a ether-type polyurethane 
membrane was studied. Gold was found to be extracted into the membrane in strongly acidic solutions of HCI and 
HBr as the HAuBr, and HAuCI, complexes. Once extracted. the HAuCI, and HAuBr, complexes diffuse through the 
membrane and are recovered quantitatively in a receiving cell solution. This phenomenon was studied for the 
separation of a variety of binary metal solutions as well as for the separation of gold from a solution of gold ore. The 
preconcentration of gold was also achieved by adjusting the starting and receiving cell solution volumes. 

K~xYNx/~: Gold; Isolation; Polyurethane ether-type membrane; Selective extraction; Separation: Transport 

1. Introduction 

In polyurethane chemistry the term “mem- 
brane” has been applied to two separate physical 
entities: a non-porous polymer film as used in this 
investigation, and foam-like films that are porous, 
allowing solution to percolate through them. The 
non-porous membranes suffer from the disadvan- 
tage of possessing a lower surface area. However, 
they prevent the two solutions on either side of 
the membrane from coming in contact with one 
another, ensuring the complete separation of the 
two phases on either side of the membrane. 

* Corresponding author. Fax: (204) 275-0905. 

Polyurethane foams were first shown by Bowen 
[I] to extract metals selectively from aqueous solu- 
tion. Since then polyurethane foams have been 
extensively investigated for the sorption of both 
metals and organics from solution. Several re- 
views of the subject have been published [2%6]. 

When performing extractions with “foam-like” 
sorbents, it is often necessary to perform an addi- 
tional extraction step to obtain the isolated spe- 
cies from the foam. Also, once the foam is 
saturated with a species, it is no longer an efficient 
sorbent. These two problems can be overcome by 
using polyurethane in the form of a membrane. 
Since the species is only in the membrane for a 
short period of time and is then isolated on the 
other side, it eliminates the additional extraction 

0039-9140~96~$15.00 ~2 1996 Elsevicr Science B.V. All rights reserved 
PII SOO39-9140(96)0 1936.4 



step required when using the foam. The mem- 
brane can also become saturated like the foam, 
but will continue to perform the separation as the 
saturated species is transported through the mem- 
brane. 

It has previously been shown that cobalt thio- 
cyanate [7] complexes, as well as iron [8,9] and 
gallium [9] chloride complexes, can be extracted 
and transported through polyurethane mem- 
branes. The extent and rate of transport are de- 
pendent on the temperature, the affinity of the 
complex for the membrane and the amount of 
extracting species present in solution. The amount 
of extractable species in solution is then depen- 
dent on the individual stability constants of the 
metal complexes, and the relative concentrations 
of the complexing species present in solution. For 
gallium and iron the extracting species were 
shown to be GaCl, and FeX,- (where X = Cl, 
Br) respectively. Gold(I11) is a softer acid than 
Ga(III) and Fe(III) in a Pearson [IO] sense, so it 
prefers to form complexes with the larger halides 
at lower halide concentrations. Gold(II1) forms 
halide complexes with chlorine, bromine and 
iodine. The iodide complex is less stable than the 
chloride and bromide, and extremely difficult to 
prepare in pure form [I 11. The gold(I11) halide 
complexes are analogous to those of iron(II1) and 
gallium(II1). all of which possess the formula 
MX, . 

Several researchers [ 12- 151 have investigated 
the extraction of gold by polyurethane foams 
from aqueous media. Gold was observed to be 
extractable using an unloaded polyurethane ether- 
type foam from extremely acidic aqueous media 
( > 1 M HCI). The extraction was found to be due 
to the presence of the AuCl, complex formed at 
high HCl concentrations. 

In this paper, gold is shown to be quantitatively 
and selectively extracted, transported and recov- 
ered, either alone or in the presence of other 
metals in solution. The effects of using both the 
chloride (AuCl, ) and bromide (AuBr, ) com- 
plexes on the transport process were investigated. 
The investigation into the extraction, the trans- 
port and the elution of gold from the membrane 
was undertaken to determine the viability of the 
separation as well as to obtain a better under- 

standing of the overall extraction and transport 
processes. 

2. Experimental 

All gold analyses were performed with a Varian 
SpectrAA- atomic absorption spectrometer 
equipped with an Instrumentation Laboratory 
VisimaxTM hollow cathode lamp and a Varian 
Mark VI burner head coupled with an air- 
acetylene flame. The wavelength observed was 
242.8 nm with a slit width of 1.0 nm and a lamp 
current of 4 mA. All chemicals used were of 
reagent grade. 

A Varian Liberty 200 ICP emission spectrome- 
ter was used for the multi-element determinations 
made when performing the separation of gold 
from gold ore. Inter-element correction was used 
when overlapping emission lines were present. 

Stock gold solutions were prepared using 
NaAuCl, supplied by Johnson-Matthey. Concen- 
trated hydrochloric acid was supplied by Fisher 
Scientific and concentrated hydrobromic acid 
from Anachemia. All water used was purified by a 
Barnsted Nanopure TM II system using reverse os- 
mosis-treated feedstock. The membranes used 
were of the polyurethane ether-type (XPR625FS) 
in two different thicknesses (0.025 mm and 0.050 
mm) which were provided by Stevens Elastomer- 
its/Urethane Products Northampton, MA, USA. 

The apparatus used for membrane testing was a 
modified Donnan Dialysis Cell consisting of two 
separate cells (a starting and receiving cell). The 
starting cell was a NalgeneTM 125 mL PETG 
(polyethylene terephthalate copolyester) media 
bottle (cat # 201550125) with a 2 cm hole drilled 
into the screw cap. A small notch was also cut at 
the side of the drilled hole to prevent air bubbles 
being trapped at the membrane solution interface. 
The receiving cell consisted of a 100 mL beaker 
that was cut to an appropriate height for the 
solution volumes used. The screw caps on the 
media bottles allowed a quick, easy way of fasten- 
ing the membrane to the bottle with an air- and 
water-tight seal. Experiments performed at tem- 
peratures other than ambient. used starting cells 
with a small hole drilled in them to. prevent any 
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pressure build up. Membranes were cut into 5 
cm x 5 cm squares and placed on the top of the 
open media bottle holding the sample. The screw 
cap was placed on the bottle and carefully tight- 
ened, yielding a membrane with an active surface 
area of 5.3 cm’. The media bottle was then in- 
verted and immersed in the solution held by the 
receiving cell. Each unit was wrapped in 
ParafilmTM to minimize evaporation. For each 
experiment a number of units were prepared and 
stopped after various time increments to obtain a 
separation profile and establish reproducibility. 
After the cells were stopped by removing the 
starting cell from the receiving cell, each cell was 
individually weighed and the pH measured to 
determine any solution losses due to evaporation 
or leakage through the membrane. The volume of 
solution in each of the cells was calculated using 
solution density. 

All gold solutions were prepared from a 500 mg 
L ~ ’ standard prepared by dissolving NaAuCl, in 
water. The gold ore used in the gold ore separa- 
tions is from the Kirkland Lake Mine in eastern 
Ontario, Canada. Gold ore solutions were pre- 
pared by first digesting the ore in aqua regia for a 
period of one week. The nitric acid portion of the 
mixture was then evaporated off while adding 
aliquots of concentrated HCl. The acid content of 
the mixture was lowered by then boling this solu- 
tion while adding aliquots of deionised water. The 
solution was then filtered using WhatmanTM 
No.42 filter paper to remove the silicates not 
dissolved in the acid. Gold standard (8 mL of 500 
mg L ~ ’ gold) was added to the gold ore solution 
in a 250 mL volumetric flask to allow easier 
quantitation of the gold by both AA and ICP 
analysis. Finally the solution was made to 2.0 M 
HBr to facilitate the separation. 

3. Results and discussion 

3.1. E.xtraction and transport of HAuCl, and 
HAuBr, 

Gold in the presence of suitable HCI and HBr 
concentrations forms either the AuCl, or AuBr,- 
complexes [16- 181 respectively. We investigated 

the use of both these complexes for the extraction 
and transport of gold from one cell into another. 
An experiment with a starting cell solution of 2.0 
M HCl and 16 mg L - ’ gold combined with 0.5 M 
KC1 in the receiving cell was performed with the 
result shown in Fig. 1. The amount of gold in the 
starting cell is shown to decrease to the point 
where it is quantitatively extracted into the mem- 
brane after 50 h. Conversely, we see the appear- 
ance of gold in the receiving cell after just 2 h, 
which increases to the point where quantitative 
recovery of the gold ( > 97%) is achieved after 50 
h. This experiment was also performed with 2.0 M 
HBr/ 16 mg L - ’ gold in the starting cell combined 
with 0.5 M KBr in the receiving cell. These condi- 
tions were chosen to allow direct comparison 
between the two gold halide complexes. The re- 
sults of this experiment are also shown in Fig. 1. 
The quantitative extraction of gold under these 
conditions takes place in under 20 h, while the 
quantitative recovery of the gold in the receiving 
cell occurs in approximately 40 h. The difference 
in extraction and transport rates of these two 
complexes can be explained by the relative hydro- 
phobicity of each of the complexes. The AuBr; 
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Fig. 1. Extraction and transport of HAuCl, and HAuBr, 
through a polyurethane membrane. The starting cell contains 
10 mL of 15 mg L- ’ gold in 2.0 M HCI or HBr. The receiving 
cell contains 0.5 M KCI or KBr. l , starting cell, HAuCI,; n , 
receiving cell, HA&l,; +, starting cell. HAuBr,; A, receiving 
cell. HAuBr,. 
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complex, possessing the larger bromide ligands, is 
more hydrophobic than the chloride analogue. 
Thus, the bromide complex will be more readily 
extracted into the hydrophobic membrane mate- 
rial. One would also expect that the stability 
constants of the gold complexes would play a 
factor in the extraction rate as shown by Oleschuk 
and Chow [8] for iron halide complexes. Pan and 
Wood [16,17] have performed detailed laser Ra- 
man studies on gold(III) chloride and bromide 
complexes in the concentration ranges in which 
we are working and found that the overwhelm- 
ingly predominant species present under these 
conditions were the AuCl, and AuBr, com- 
plexes. This explains the reason for the extraction 
into the membrane material but not the transport 
and recovery of the gold in the receiving cell 
solution. 

Transport in the membrane material after ex- 
traction appears to follow Fick’s law of diffusion 
and is concentration independent. The gold com- 
plex diffused through the membrane to the mem- 
brane/receiving cell interface and is then eluted 
into the receiving cell solution. 

HAuCl, = HAuCl, 1;::;:;; t HAuCl, G AuCl, 
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Fig. 2. Extraction and transport of HAuBr, using two dither- 
ent membrane thickness. The starting cell contains IO mL of 
1 j mg L I gold in 2.0 M HBr. The receiving cell contains 0.5 
M KBr. A, starting cell using a 0.025 mm thick membrane: 
+. receiving cell using a 0.025 mm thick membrane; n , 
starting cell using a 0.05 mm thick membrane; 0, receiving cell 
using a 0.05 mm thick membrane. 

These non-protonated gold halide complexes are 
not extracted by the membrane leaving the gold 
trapped in the receiving cell solution where it is 

(overline indicates species in the membrane) quantitatively recovered 

The conditions used in the receiving cell (0.5 M 
KC1 and 0.5 M KBr respectively) favour the 
formation of the AuCl; and AuBr; complexes. 
This phenomena has been verified by UV/vis spec- 
tra of the receiving cell solutions. Both starting 
and receiving cell solutions possessed identical 
spectra with i,,,, at 374 nm and 314 nm for the 
AuBr, and AuC~J complexes respectively. 

The quantitative recovery of the gold in the 
receiving cell is attributable to the pH of the 
receiving cell solution. The pH of the receiving 
cell solution favours the formation of the non- 
protonated gold complexes (i.e. AuCl; and 
AuBr;). The protonated neutral species are the 
only complexes that are extractable into the mem- 
brane material. Therefore, the protonated gold 
complexes diffuse through the membrane material 
and elute into the receiving cell solution where 
they form either the AuCl, or AuBr, non-pro- 
tonated complexes depending on the salt used. 

3.2. Membrane thickness 

To determine the effect of membrane thickness 
on the rate of transport. two different thicknesses 
of 0.025 mm and 0.05 mm were used. The solu- 
tion conditions consisted of 2.0 M HBrjl5 mg 
L ~ ’ gold in the starting cell and 0.5 M KBr in the 
receiving cell. As expected the time required for 
the transport of the gold from the starting to 
receiving cells was faster for the thinner mem- 
brane. A transport profile for each thickness is 
shown in Fig. 2. The quantitative recovery of the 
gold in the receiving cell required approximately 
20 h for the 0.025 mm membrane compared to 
approximately 40 h for the 0.05 mm membrane. 
The flux is inversely proportional to the mem- 
brane thickness and is in accordance with Fick’s 
law of diffusion. 

J, = D,Ac,(s, 
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where J is the flux of the penetrant (Au Br;), D is 
the diffusivity constant of the membrane, AC is the 
concentration difference within the membrane and 
x is the membrane thickness. 

The time required for the complete extraction of 
the gold from solution into the membrane was the 
same for both thicknesses demonstrating that the 
rate limiting step of the overall process is the 
diffusion of the gold through the membrane material 
after it has been extracted. The increased rate of 
transport with the thinner membrane demonstrates 
that if an even thinner membrane was used, faster 
transport times could be obtained although this 
might lead to some mechanical problems such as 
leakage, because of the fragile nature of extremely 
thin films. 
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Fig. 4. Arrhenius plot of the gold extraction into a 
polyurethane membrane. The starting cell contains IO mL of 
I5 mg L ’ gold Au in 2.0 M HBr. The receiving cell contains 
0.5 M KBr. 

Experiments were carried out at four different 
temperatures (4, 22, 37 and 50°C) with starting cell 
conditions being 2.0 M HBr/16 mg L ~ ’ gold and 
receiving cells containing 0.5 M KBr. Results 
depicting the sorption ofthe gold into the membrane 
material at different temperatures are shown in Fig. 
3. With an increase in temperature an increase in 
the rate of sorption of the gold species into the 
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Fig. 3. Extraction of gold into a polyurethane membrane at 5, 
22, 37 and 50°C. The starting cell contains IO mL of IS mg 
L ’ gold in 2.0 M HBr. The receiving cell contains 0.5 M 
KBr. 0. starting cell 5°C; +, starting cell 22°C; n , starting 
cell 37°C; A, starting cell 50°C. 

membrane was observed. An increase in the rate of 
diffusion in the membrane material and rate of 
recovery for gold in the receiving cell was apparent. 
At 5°C the complete extraction of the gold species 
required approximately 30 h compared to 50°C 
where it required under 10 h. Conversely, the 
recovery of gold in the receiving cell at 50°C required 
11 h while at 5°C the recovery of the gold was not 
complete even after 200 h. 

The energy of activation was calculated to be 25 
KJ mol ~ ’ using an Arrhenius plot, as shown in Fig. 
4. This value is consistent with values found for the 
sorption and transport of aqueous salt [19], acetic 
acid solution [20] and iron halides [S]. It was assumed 
that the gold remained in the AuBr, complex even 
though Pan and Wood [16] have shown that at 
higher temperatures the AuBr; starts to transform 
to the linear AuBr,~ ; the amount of this complex 
present was shown to be negligible. The linearity of 
the Arrhenius plot confirms that there is minimal 
transformation to AuBr, . 

The harsh acid and temperature conditions did 
not appear to alter the performance of the mem- 
brane material but changed the physical appearance 
of the membrane from clear and translucent to 
slightly opaque. After the experiment has been 
stopped and the membranes dried, they returned to 
their initial physical appearance. The change in 
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physical appearance is probably due to the 
swelling of the membrane from the absorption of 
water. The effects of the high acidity on the 
membrane were not apparent; polyether-type 
polyurethane is quite resistant to hydrolysis owing 
to the stability of the ether linkages incorporated 
in this polymer compared to the polyester 
polyurethane analogue. 

3.4. Metal separations 

The ability of gold to be transported under 
certain solution conditions using a polyether-type 
polyurethane membrane provides evidence that 
gold can be separated from other species using 
this process. Gold will preferentially form the 
extractable HAuCl, and HAuBr, complexes over 
other metals because of their higher stability con- 
stants. The separation of several binary metal 
systems has been achieved using this phe- 
nomenon. For example, in Fig. 5, data is shown 
for the separation of gold from a 2.0 M HBr 
solution containing 16 mg L ~ ’ gold and 16 mg 
ll’ nickel. The receiving cell solution is 0.5 M 
KBr. The same transport profile is achieved for 
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Fig. 5. Separation of gold and nickel using a polyurethane 
membrane. The starting cell contains I5 mg L- ’ gold and I5 
mg L ’ nickel in 2.0 M HBr. The receiving cell contains 0.5 
M KBr. n , gold content in starting cell; 0, gold content in 
receiving cell; A. nickel content in starting cell: +, nickel 
content in receiving cell. 
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6. Separation of gold and iron using a polyurethane 6. Separation of gold and iron using a polyurethane 
membrane. The starting cell contains 15 mg L ’ gold and I5 
mg L ’ iron in 2.0 M HBr. The receiving cell contains 0.5 M 
KBr. n , gold content in starting cell; 0. gold content in 
receiving cell: A, iron content in starting cell: +, iron content 
in receiving cell. 

gold as was demonstrated in previous figures. 
However, the nickel is neither extracted into nor 
transported through the membrane material. The 
extraction and transport of nickel would be evi- 
dent by the decrease or increase of the nickel 
concentration of either the starting or receiving 
cells respectively. The basis of this separation is 
that gold forms the extractable HAuBr, at 2.0 M 
HBr concentrations, while the nickel does not 
form an extractable complex and thus remains in 
the starting cell. Therefore the gold is able to pass 
into the receiving cell where it is quantitatively 
recovered. This type of separation would be possi- 
ble for all metals not able to form extractable 
complexes with the bromide ion. 

There are some metals that are able to form 
extractable complexes with the bromide ion. It 
has previously been shown [S] that iron can be 
quantitatively transported and recovered using an 
analogous process. At HBr concentrations of 5.0 
M, iron is present in the HFeBr, complex which is 
extractable into the polyurethane membrane ma- 
terial. A separation experiment involving gold and 
iron was performed with the results shown in Fig. 
6. The experiment was performed with a starting 



cell solution of 16 mg L ’ gold and 16 mg L ~ ’ 
iron in 2.0 M HBr and 0.5 M KBr in the receiving 
cell. The extraction and transport of the gold 
follows the same extraction/transport profile as 
previously shown; however the iron is neither 
extracted nor transported through the membrane 
material. The lack of iron extraction can be ex- 
plained by the iron bromide stability constants. 
At HBr concentrations of 2.0 M there is essen- 
tially no iron present as the FeBr; complex; thus 
none of the iron is extracted and ultimately trans- 
ported through the membrane material. The iron 
remains in the starting cell while the gold is 
transported through the membrane and quantita- 
tively recovered in the receiving cell. 

Several separations involving binary metal mix- 
tures of gold and another metal have been suc- 
cessfully performed. These mixtures all involve 
gold with either nickel, zinc, iron, cadmium, tin or 
cobalt. In each case the extraction, transport and 
recovery of the gold species appears to be un- 
affected by the presence of the other metal in 
solution. The shape of the separation profiles are 
all virtually identical. 

Although only separations using HBr to form 
the HAuBr, complex have been shown in this 
paper, several binary metal separations have been 
performed using hydrochloric acid (to form the 
HAuCl, complex) in place of hydrobromic acid 
and potassium chloride in place of potassium 
bromide. These separations were successful but 
were slightly slower than those for the bromide 
analogue. The lower rate of extraction can again 
be atrributed to the lower hydrophobicity of the 
chloride complex, HAuCl,, relative to the bro- 
mide complex, HAuBr,. 

3.5. Precor?~nltPutio?2 of gold 

It is often valuable to concentrate as well as 
separate one species from another. Using a 
polyurethane ether-type membrane we attempted 
to concentrate gold by adjusting the solution vol- 
umes on either side of the membrane. Fig. 7 
shows a separation and preconcentration experi- 
ment involving 30 mL of 5 mg L ~ ’ gold in 2.0 M 
HBr in the starting cell with 10 ml of 0.5 M KBr 
in the receiving cell. With these solution volumes 

the quantitative transport and recovery of gold in 
the starting cell should produce a 15 mg L - ’ 
concentration of gold in the receiving cell, or a 
concentration factor of three. The concentration 
factor is defined as the ratio of the initial concen- 
tration to the final concentration of the particular 
element of interest. 

This experiment clearly shows that gold can be 
transported and concentrated using the polyether- 
type polyurethane membrane material. The larger 
starting solution volume showed that the diffusion 
of the species through solution was hindering the 
extraction process to a significant degree. To min- 
imize the effect of the larger solution volume the 
starting cell was stirred. This lead to a greatly 
increased rate of extraction and transport of the 
gold species. In all of the experiments performed 
in this paper the active surface area of the mem- 
brane has been kept at 5.3 cm’ for the sake of 
comparison. If this area was increased the rate of 
extraction and consequently the overall concen- 
tration factor may be increased. 

3.6. Srpuration of gold fiotn gold ore 

The ability of gold to be transported in the 
presence of other metals has already been shown 
in a previous section. Under these conditions the 
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Fig. 7. Preconcentration of gold using a polyether-type 
polyurethane membrane. W. gold concentration in starting 
cell: l , gold concentration in receiving cell. 



Table I 
Separation of gold from gold ore 

Time (h) Cell Metal content (mg) 

0 

3 

5 

7 

9.5 

26 

29 

34 

48 

starting 
receiving 
starting 
receiving 
starting 
receiving 
starting 
receiving 
starting 
receving 
starting 
receiving 
starting 
receiving 
starting 
receiving 
starting 
receiving 
starting 
receiving 

Au,’ Mn Fe Zn CU co 

0.168 0. I25 5.59 0.006 0.007 0.001 

0.163 0.164 6.35 0.007 0.007 0.002 
0.002 0 0 0 0 0 
0.109 0.1 IS 5.9 0.005 0.007 0.002 
0.010 0 0 0.001 0 0 
0.049 0.136 5.4 0.005 0.007 0.001 
0.066 0 0 0.002 0.001 0 
0.019 0.137 5.42 0.005 0.006 0.002 
0.094 0 0 0.002 0 0 
0.013 0. I39 5.42 0.006 0.007 0.002 
0.121 0 0 0.002 0 0 
0.004 0.137 5.36 0.004 0.006 0.001 
0.149 0 0.004 0.004 0.008 0 
0.004 0.139 5.41 0.004 0.006 0.001 
0.153 0 0.002 0.005 0.005 0.001 
0.004 0.138 5.40 o.uo4 0.006 0.001 
0.135 0 0.003 0.004 0.002 0 
0.005 0.134 5.30 0.004 0.006 0.001 
0. I55 0 0.003 0.005 0.003 0 

.‘The gold ore solution was spiked with gold standard to 16.0 mg L- ’ prior to the experiment; this results in 0.168 mg of gold in 
each starting cell. 

selective transport of gold could be achieved re- 
sulting in the quantitative separation of gold. 
Those separations were of relatively simple sys- 
tems of a binary metal mixture. To demonstrate 
the ability of a polyurethane ether-type membrane 
to separate gold from a much more complicated 
medium we attempted the separation of gold from 
a gold ore solution. The gold ore solution was 
prepared as described in the experimental section. 
The gold ore solutions were spiked with gold 
standard because the small amounts of gold in the 
ore (fire assay 3.06 oz per ton) would be difficult 
to analyse and quantitate. The top cell consisted 
of 10 mL of gold ore solution while the bottom 
cell contained 30 mL of 0.5 M KBr. This experi- 
ment was performed at room temperature, carried 
out over a period of 48 h and was unstirred. The 
results of the separation are presented in Table 1. 
The table lists the amount of each metal in both 
the top and bottom cells as determined by ICP 
and AA analysis. The metals analysed were cho- 
sen by performing an initial scan of several metals 

suspected of being in the gold ore. If a metal was 
present in detectable concentrations it was further 
analysed for in each of the cells. The gold ore 
from the Kirkland Lake Mine is known to possess 
a large concentration of pyrite. This is demon- 
strated by the very large iron concentrations in 
the samples. 

Examining the metal content of the starting 
cells we see that the gold content of the top cell 
decreases as it is extracted into the membrane 
until it is almost quantitatively extracted after 26 
h. The amounts of the other metals in the starting 
cells do not change drastically over a 48 h period. 
This indicates that very little of the other metals 
are being extracted and transported into the re- 
ceiving cell. 

The analysis of the receiving cell once again 
shows the trend of the gold being transported 
through the membrane material and into the re- 
ceiving cell solution. The initial gold content of 
zero at the start of the experiment gradually in- 
creases to 0.155 mg, a 92.3% recovery of the 



initial gold in the starting cell after 48 h. Con- 
versely, the analysis for the other metals in the 
receiving cells showed that there were no de- 
tectable amounts of either cobalt or manganese in 
any of the cells. Also the analysis of iron, zinc and 
copper showed that only microgram quantities of 
these metals were present in the receiving cell 
solution after 48 h. The small amounts of copper 
and zinc present approached the detection limits 
of the instrument and the concentrations of each 
in the receiving cell is not significant. The results 
of the gold ore separation again shows that there 
does not appear to be a competing ion effect 
between the other metals and gold even though 
some of those metals are present in much higher 
concentrations than gold. The rate of extraction 
and transport of the gold complexes is unchanged 
regardless of the concentrations of the other spe- 
cies in solution. 

By performing the separation of gold from gold 
ore we are not suggesting that this technique be 
used for this purpose as there are techniques 
already developed that are far more efficient for 
this process. We are suggesting however, that 
polyurethane ether-type membranes may be used 
for the separation of gold from complex matrices 
possessing a large number of species. 

4. Conclusion 

A polyether-type polyurethane membrane can 
quantitatively transport gold from hydorochloric 
and hydrobromic acid solutions to KC1 and KBr 
solutions, respectively. The transport process in- 
volves the extraction of the gold species, diffusion 
through the membrane material, and finally the 
quantitative elution of the gold species from the 
membrane. The extraction of the gold species is 
due to the two protonated gold halide complexes 
HAuBr, and HAuCl,, that predominate in high 
concentrations of either HCl or HBr. The diffu- 
sion through the membrane follows a Fickian 
diffusion model. The elution from the membrane 
is caused by the formation of the AuCl; and 
AuBr, complexes that are not extractable into 
the membrane. 

The transport process is aided by the use of a 
thinner membrane and an increase in tempera- 
ture. Also, with an increase in the surface area of 
the membrane we can expect that the overall rate 
of extraction and capacity of the membrane will 
be increased significantly where it may be used in 
a practical setting. The rate limiting step for the 
transport and recovery of the gold is the diffusion 
through the membrane. From an Arrhenius plot 
the energy of activation was shown to be 25 kJ 
mall’. 

In this investigation all of the cells, with the 
exception of the preconcentration experiments, 
were unstirred. This allowed the direct compari- 
son of experiments with no error associated with 
different rates of stirring. With the addition of 
stirring we see a fourfold increase in the rate of 
extraction into the membrane, but this does not 
allow direct comparison of separate experiments 
because of the lack of the ability for precise 
control of individual stirring rates. The method is 
inexpensive and inherently simple compared to 
other techniques available and so these methods 
may provide a useful alternative to other separa- 
tion processes. Quantitative recovery of gold from 
the membrane into the receiving cell solution indi- 
cates that there is no permanent sorption of the 
complex, and further that there is no reduction of 
the complex to metal by the polymer. 

The separation of gold from a number of other 
metals in binary metal systems shows that a 
polyurethane ether-type membrane can be used to 
separate gold from metals that do not form ex- 
tractable complexes in the presence of either HBr 
or HCl. Even in cases where a metal can form 
extractable complexes in the presence of either of 
these acids (i.e. iron), the membrane can still 
effectively separate the two metals based on the 
stability constants of those metal halide com- 
plexes. 

Gold ore has large amounts of other metals 
besides gold which are not extracted and trans- 
ported through the membrane into the receiving 
cell solution. The separation of gold from a gold 
ore solution demonstrates the ability of the mem- 
brane to separate gold from very complex ma- 
trices. 
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Abstract 

A method employing HPLC with electrochemical detection for the rapid and simultaneous determination of 
vitamins A, D, and E is described. The method uses a C-18 reverse phase column and 2.5 mM HAcO-NaAcO in 
methanol-water (99:1, v/v) solution as the mobile phase. The compounds are quantified using amperometric 
detection with a glassy carbon electrode at a potential of + 1300 mV (vs. Ag/AgCl) and the results are compared with 
those obtained using UV detection at a wavelength of 280 nm. 

The method was successfully applied to the analysis of vitamins A, D, and E in yogurt samples. After 
saponification, fat-soluble vitamins were extracted and the methanolic solution of the extracts was injected directly 
into the chromatographic system, avoiding the clean-up step which is necessary when no electrochemical detection is 
used. Good recovery percentages were obtained. 

KeyworcL~: Electrochemical detection; High performance liquid chromatography: Vitamins A, D, and E: Yogurt 

1. Introduction milk is of major importance because dairy foods 
play a vital role in human nutrition. 

In recent years, a great deal of research has 
been devoted to developing sensitive, selective, 
rapid and reliable methods for the analysis of 
fat-soluble vitamins in foods [l] because deficien- 
ties of these vitamins cause serious nutritional 
diseases. The analysis of vitamins A, D, and E in 

* Corresponding author. 

Over the past few years, the consumption of 
yogurt has increased largely because of the nutri- 
tional and therapeutic advantages involved; it fa- 
cilitates the assimilation of proteins, lactose and 
lipids and promotes a balanced intestinal flora [2]. 
Methods have been described for the analysis of 
fat [3], inorganic acids [4], lactose [5,6] carbo- 
hydrates [7], preservatives [g-10], ascorbic and 
dehydroascorbic [l l] acid and n-dicarbonyl com- 

0039.9140/96/$15.00 C 1996 Elsevier Science B.V. All rights reserved 
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pounds [12]. although currently there are no 
methods for the determination of liposoluble vita- 
mins in yogurt samples. 

Despite this, many research works have deter- 
mined liposoluble vitamins in samples of milk and 
dairy products using liquid chromatography [ 13- 
281. In some of these studies, the vitamins were 
extracted directly from the sample [13- 181 and 
different extract cleaning steps were performed 
before quantification [19-281. In most determina- 
tions, the classic method is used; this involves 
alkaline hydrolysis of the sample, followed by 
extraction of the vitamins from the unsaponifiable 
material and, finally, their injection into the chro- 
matographic system. 

In a previous paper [29] a method for the 
simultaneous determination of vitamins A, D, 
and E in milk samples, without the need for any 
clean-up step for the detection of vitamin D,, was 
proposed. Recently [30] a directly-coupled sample 
treatmenttHPLC method for on-line automatic 
determination of liposoluble vitamins in milk has 
been developed. 

In this work, we report on an HPLC method 
with electrochemical detection for the analysis of 
vitamins A, D, and E in yogurt samples, studying 
extraction of the vitamins, with and without previ- 
ous alkaline hydrolysis, from the fat material, for 
later injection into the chromatographic system. 

q Acetonitilc q Methanol-Acetonitrile 25175 0 Methanol-Acetcmitile 5054 

q Methanol-Amtonitrile 7W.5 q Methanol-Acetoniuile 90: IO 

q Methanol-Acetmitile 95:5 q Methanol 

12C 

A D3 E 

VITAMIN 

Fig. 1. Recoveries of clean-up step: Cl 8 cartridges; solvents 
used in the standard solutions are shown in the Figure 

A 4 E 

VITAMIN 

Fig. 2. Recoveries of clean-up step: Silica cartridges; solvents 
used in elution are shown in the Figure. 

2. Experimental 

2.1. Apparatus 

2.1.1. Liquid chromatograph 
An SP 8800 Spectra-Physics ternary pump 

equipped with a Rheodyne valve with an injection 
loop of 10 ~1 was used. The detectors were a UV 
Spectra-Physics SP 8450 and an electrochemical 
EG & G PAR model 400. Peak areas were mea- 
sured by an SP 4290 Spectra-Physics integrator. 

2.1.2. Chvomatographic columns 
An RP18 15 mm x 3.2 mm, 7 pm precolumn 

(Brownlee Labs) and an OD-224 RP18 220 mm x 
4.6 mm, 5 pm column (Brownlee Labs) were used. 
Sep-Pak C 18 and Silica cartridges (Millipore) and 
a Biichi RE 121 rotavapor with Biichi 461 water 
bath were also used. 

2.2. Reagents 

2.2.1. Chemicals 
The following chemicals were used: all-trans- 

retinol, vitamin A (Sigma); cholecalciferol, vita- 
min D, (Fluka); a-tocopherol, vitamin E 
(Aldrich); potassium hydroxide, acetic acid and 
sodium acetate (A.R. grade; Panreac). Water was 
purified in an Elga-Stat water purification system. 
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Determination of liposoluble vitamins in different yogurt samples with the direct extraction method. Results from three replicate 
analyses 

Sample 
No. 

Vitamin A 

(pg per 
100 g) 

Recovery 

W) 

Vitamin E 

Ug per 
100 g) 

Recovery 

W) 

I 0.99 89 0.86 85 
2 0.017 98 0.03 101 
3 0.87 78 0.015 100 
4 0.46 101 0.065 97 
5 0.75 95 0.01 81 

2.2.2. Mobile phase 
A solution of 2.5 mM acetic acid-sodium ac- 

etate in methanol-water (99:1, v/v) was used. 

2.2.3. Alcoholic potussium hydroxide solution 
50 ml ethanol and 15 ml of aqueous KOH 80% 

(w,/v) solution were used. 

2.2.4. Solvents 
Hexane, chloroform, ethanol, ether, acetonitrile 

and LC-grade methanol (Carlo Erba) were used. 

2.2.5. Samples 
Commercial yogurt was used for the samples. 

2.3. Procedures 

2.3.1. Liquid chromatogruphy 
The HPLC operating conditions were opti- 

mized in a previous study [29]. The mobile phase 
used, degassed with helium, was a 2.5 mM acetic 
aciddsodium acetate buffer as supporting elec- 
trolyte in a methanol-water solution (99:1, v(v). 
The flow rate was set at 1.0 ml min-‘. Standards 
of vitamins or extracts from the samples dissolved 
in methanol were injected through the Rheodyne 
valve. Before use, the glassy carbon electrode was 
treated electrochemically, polarizing at - 600 mV 
for 10 min and + 1400 mV for 30 min in the flow 
stream. The detection potential for the vitamins 
was + 1300 mV (vs. Ag/AgCl). The UV detection 
wavelength chosen was 280 nm, a compromise 
wavelength for the detection of the three vitamins. 
The results obtained with both detection methods 
were similar. The different parts of Section 3 show 

the results corresponding to amperometric detec- 
tion with the exception of Table 4, which shows 
those corresponding to both types of detection. 

2.3.2. Analysis without hydrolysis 
Yogurt samples (40 g) were treated with 40 ml 

of extractant mixture (hexaneechloroform, 2: 1, 
v/v). This was stirred at 1000 rev min- ’ for 2 h 
and protected from light. Following this, it was 
centrifuged at 4000 rev min ’ and the organic 
phase separated. This was evaporated in a rotava- 
por at 50°C and the residue was treated with 6 ml 
of methanol. Then, a clean-up step was per- 
formed, using C 18 cartridges previously treated 
with 2 ml of the same solvent and adjusted to a 
final volume of 10 ml. This was then injected into 
the chromatographic system. 

2.3.3. Analysis with alkaline hydrolysis 
Samples (20 g of yogurt) were saponified 

overnight at room temperature with an alcoholic 
solution of potassium hydroxide plus ascorbic 
acid to avoid oxidation. The vitamins were ex- 
tracted with hexane, the solvent was evaporated 
off, the residue was dissolved in 5 ml of methanol 
and was then injected into the HPLC system after 
filtration (0.45 pm pore size) without any clean- 
up step. 

3. Results and discussion 

3.1. Extruction of vitamins 

In the analysis of fat-soluble vitamins, different 
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Influence of KOH concentration. Results from three replicate analyses 

Yogurt Vitamin A Vitamin E 
sample IO6 x area 10” x area 

KOH 60% KOH 80’%1 KOH 60’%, KOH 80% 

1 3.83 3.20 3.89 3.25 
2 2.36 3.11 2.63 3.98 
3 3.44 4.09 3.55 4.76 
4 2.91 3.15 2.95 3.10 
5 2.22 2.93 1.89 2.56 

6 2.25 4.64 1.34 3.31 
7 3.25 3.98 2.49 3.76 

steps are necessary: saponification, extraction and standard solutions containing the three vitamins, 
clean-up of the samples before injection into the applying the described procedure. To do so, the 
HPLC system. To avoid the saponification step, extracts dissolved in different solvents were passed 
direct extraction of the vitamins from the yogurt through a Cl 8 cartridge, to retain impurities but 
samples was attempted. The samples (40 g) were not the vitamins being studied. Different solvents 
treated with 40 ml of different solvents and ex- were tested: acetonitrile, methanol and mixtures 
tractant mixtures: hexane, methanol, hexane- of both of these. The best recoveries for all vita- 
chloroform-ethanol (6.0: 3.5: 0.5, v/v/v), mins were obtained with 100”/0 methanol, as can 
hexaneechloroform (2: 1, v/v) and chloroform- be seen in Fig. 1. The solutions thus obtained 
hexane (2:1, v/v), with constant stirring in the were injected directly into the chromatographic 
dark for 2 h. system. 

According to Elton-Bolt and Stacey [31], the 
ideal extractant mixture for extracting different 
liposoluble vitamins in cod-liver oil samples is 
hexaneechloroform-ethanol (6.0: 3.5: 0.5. v/v/v). 
However, in our case, the best results were ob- 
tained with a hexane-chloroform (2:1, v/v) mix- 
ture. Accordingly, this was used in all later 
analyses. 

A further study was carried out using Silica 
cartridges, previously diluting the extracts in hex- 
ane instead of methanol. In this way, the vitamins 

A/lo6 

After centrifugation, the organic phase was re- 
moved by evaporation in a rotavapor under vac- 
uum at 50°C and the residue, a few milliliters, was 
dissolved in 6 ml of methanol and passed through 
a cartridge to clean the extracts before they were 
injected into the chromatographic system. 

3.2. Cleaning of estrmts 
0 2 4 6 8 10 

A clean-up step is necessary prior to injecting 
the extracts into the chromatographic system to 
eliminate possible interferents. Accordingly, a 
study was carried out on the clean-up step with 

Ascorbic acid I g 

Fig. 3. Influence of ascorbic acid. Standard: ( q ) vitamin A: 
(+) vitamin D,; (LCI) vitamin E. Yogurt sample: (<,) vitamin 
A; ( W ) vitamin E. 



M.M. Delgudo Zanzwefio et al. / Talanta 43 (1996) 15.55-1.563 1559 

~/lo6 5 

4 

3 

2 

1 
0 10 20 30 40 50 60 

Sample amount I g 

Fig. 4. Influence of amount of yogurt sample on analytical 
signal: ( q ) vitamin A: (4) vitamin E. 

were retained in the cartridge but not the interfer- 
ing substances. Later, the vitamins were eluted 
with different hexaneeether mixtures. The best 
results were obtained with a hexane-ether mix- 
ture of 50:50 (v/v) (Fig. 2). The solution eluted 
was brought to dryness and the residue dissolved 
in 5 ml of methanol for injection into the chro- 
matographic system. This step was necessary be- 
cause direct injection of the eluate interferes in the 
quantitative evaluation of vitamin A since this 
elutes very early on, close to the chromatographic 
peak corresponding to the injection. 

Although the recovery values obtained are simi- 
lar using both types of cartridge, the Cl8 car- 
tridge was chosen for work because it avoids the 
evaporation step with hexaneeether and later di- 
lution in methanol, thus simplifying the process. 

3.3. Analysis of aitamins in ~~ogurt sanlples: 
Without Iiydrolysis 

After optimization of the vitamin extraction 
steps and the extract clean-up procedure, different 
samples of yogurt were analyzed using the proce- 
dure without hydrolysis. Vitamin levels were mea- 
sured in unspiked samples and in samples spiked 
with standard solutions to evaluate the contents 
and the recovery of the method respectively. 
Good recoveries were obtained for vitamins A 
and E (Table 1). In all cases, the amounts ob- 
tained were smaller than the contents found in the 
tables listing the food composition for these vita- 

mins [32]. Vitamin D, did not appear in any of 
the samples of yogurt analyszed with this method. 
The conclusion drawn was that in yogurt samples 
it is necessary to saponify and extract the vitamins 
before injection into the HPLC system. 

3.4. Ana!,;sis of vitamins in yogurt samples: With 
hydrolysis 

In view of the poor results obtained in the 
determination of vitamins in yogurt using direct 
extraction of the vitamins, the method most com- 
monly used for analyzing liposoluble vitamins in 
foods was used; this consists of alkaline hydrolysis 
of the fatty material and later extraction of the 
unsaponifiable material containing the liposoluble 
vitamins. 

Among the variables that may affect sample 
treatment and quantification of the vitamins are 
the concentration of KOH, the amount of ascor- 
bic acid added, the amount of sample to be 
treated, and the injection volume. In order to 

I I I I 
0 4 8 12 min. 

Fig. 5. Chromatogram obtained after application of the pro- 
posed method to a yogurt sample according to the scheme in 
the text. 
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Determination of liposoluble vitamins in different yogurt samples with alkaline hydrolysis 

Yogurt 
sample 

Vitamin A Vitamin E 

Amperometry 
Wg per 100 g) 

uv 

(fig per 100 83 

Recovery 

(%) 

Amperometry 

(mg per 100 g) 

uv 

(mg per 100 g) 

Recovery 

(“/) 

I (n = 8) 23 * 3 2s i 3 95 i9 0.073 + 0.05 0.061 + 0.06 9s*4 
2 (n=5) 23 k 1 23 + 1 89+4 0.057 f 0.06 0.059 i 0.06 93+ IO 
3 (n=8) 22 * 2 22 +2 91 k6 0.064 i 0.05 0.058 k 0.04 lOOk 5 
4 (n=5) 26 + 2 27 *2 88 k 5 0.063 & 0.03 0.058 k 0.02 86 i 3 
5 (n = 6) 31 *3 28 f 1 91*5 0.087 & 0.03 0.077 * 0.04 103*5 

study the effects of these parameters on the deter- 
mination of the vitamins, they were studied in the 
procedure involving hydrolysis. 

cal signals obtained were thus reproducible and 
more sensitive than when lower amounts of ascor- 
bic acid were used. 

3.4.1. Alcoholic potassium hydroxide solution 3.4.3. Sample amount 
In samples of milk and other milk products, an 

alcoholic potassium hydroxide solution contain- 
ing 1.5 ml of KOH at a concentration of 60% 
(w/v) and 50 ml of ethanol is generally used [29]. 
Since yogurt samples have different textures and it 
is possible that total hydrolysis of the fatty matter 
might not be completed, two assays were per- 
formed with KOH at 60% and at 80% following 
the indicated procedure with a view to checking 
whether there were any variations in the later 
evolution of the analytical signal. Table 2 shows 
that the best results are obtained with 80% KOH 
since hydrolysis is more complete. 

3.4.2. Ascorbic acid 
Ascorbic acid is added to the samples to be 

hydrolyzed as an antioxidant to protect the lipo- 
soluble vitamins, mainly vitamin E, in the alkaline 
medium in which hydrolysis is carried out. In 
order to check that the amount of ascorbic acid 
added is sufficient for complete protection of the 
vitamins, the above-described procedure was im- 
plemented both in standard solutions (containing 
the three vitamins under study) and in yogurt 
samples, in each case varying the amount of 
ascorbic acid added from 1-8 g. The data ob- 
tained are shown in Fig. 3. A working amount of 
6 g of ascorbic acid per 40 g of yogurt was 
chosen-i.e. a ratio of 3/20-because the analyti- 

The vitamins in samples of yogurt are present 
at low concentrations, around the microgram per 
100 g range. Although electrochemical and spec- 
trophotometric determinations are sensitive, a 
minimum sample amount must be analyzed if 
vitamin detection is to be successful. However, the 
amount of sample cannot be increased too much 
because although with the sample preparation 
procedure and separation one is trying to achieve 
a situation in which the vitamins will be free of 
substances that might prevent their determination, 
they may be accompanied by components that 
gradually cause contamination of the Cl 8 station- 
ary phase to be used in the determination. 
Amounts of yogurt between 10 and 50 g were 
employed and the above-described method was 
applied, adding the corresponding amount of 
ascorbic acid to each sample but always maintain- 
ing the 3/20 ratio as the most suitable. 

From the data thus obtained (Fig. 4) it can be 
deduced that 20 g of sample is sufficient for the 
determination of the vitamins. Larger amounts 
are not suitable because the extracts contain more 
interfering substances. 

3.4.4. Anulysis of‘ Vitamins A and E 
The method proposed for determination of 

liposoluble vitamins in yogurt samples is the 
following: 
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1. Protection with ascorbic acid 3 g. I. Extraction 2 x 20 ml of hexane 

3. Evaporation in a rotavapor (50” C) 
f  

Sponification of the samples with alcoholic 
potassium hydroxide was carried out at room 
temperature overnight. After extraction of the 
vitamins with hexane, the solvent was evaporated 
and the residue was dissolved in methanol and 
injected directly after filtration (0.45 pm filter) 
without the clean-up step (Fig. 5). 

For the yogurt samples, the recovery percent- 
ages found were between 86% and 103% (Table 3). 
The amounts found for each vitamin in the differ- 
ent samples are summarized in Table 3. The day- 
to-day precision obtained (Table 4) was less than 
10% in the five commercial brands of yogurt 
analyzed. 

The result obtained in the analysis of vitamins A 
and E in the different samples analyzed are consis- 
tent with the contents specified by the manufactur- 
ers for those vitamins in yogurt samples, as can be 
seen in the tables relating to the composition of 
foods [32]. The day-to-day precisions obtained for 

Table 4 
Day-to-day precision, RSD (‘I/;,), 12 = IO 

the different samples of yogurt are shown in Table 
4; as can be seen, the data are quite acceptable for 
this type of analysis. 

3.4.5. Analysis of Vitamin D, 
Because of the low content of vitamin D, 

in yogurt, this vitamin is not detected using the 
proposed method. However, in yogurt enriched 
with this vitamin according to the specifications 
of the manufacturers it was possible to detect 
vitamin D, (Fig. 6) by modifying the procedure 
slightly and dissolving the extract with 2 ml 
of methanol instead of 5 ml and injecting 30 ~1 
instead of 10 ,~l into the chromatograph. In 
this way, a larger amount of vitamin D, is 
injected into the system and it can be evaluated, 
although only in the case of enriched samples. 
Six samples of an enriched yogurt were analyzed; 
the vitamin D, content proved to be 0.09 f 0.02 fig 
per g. The recovery of the method was 91 + 5%. 

Yogurt 
sample 

Amperometric detection UV detection 

Vitamin A Vitamin E Vitamin A Vitamin E 
8.33 5.55 8.00 4.92 
4.35 8.62 4.35 5.17 
5.00 4.68 9.09 3.51 
3.85 1.59 8.00 1.69 
6.45 3.45 3.51 3.90 
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3nA 

I I I 
0 

I 
4 8 12 min. 

Fig. 6. Chromatogram obtained after application of the 
modified method to a yogurt sample enriched with vitamin D,. 

4. Conclusion 

A method is described for the determination of 
vitamins A, D, and E in samples of yogurt. The 
results obtained in the cases of vitamins A and E 
are very acceptable for the different samples ana- 
lyzed. It was only possible to determine vitamin 
D, in yogurts enriched with this vitamin. 
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Abstract 

A rapid spectrophotometric method for sulphate determination in a discontinuous mode is described. The method 
is based on sulphate reduction to hydrogen sulphide followed by its volatilization and absorption in an alkaline 
solution. The reduction is obtained when a sulphate sample is heated to 287 “C for 15 min, with a mixture of Fe”/KI 
and phosphoric acid. The resulting gas is swept by nitrogen flow into a 0.1 M sodium hydroxide solution and the 
absorbance of the sulphide ions is measured directly at 230 nm. The proposed method enabled us to determine 
50-700 /[g of total sulphate with a relative standard deviation of the order of 5%. The method has been applied for 
the determination of sulphates in liquid (mineral waters) and solid (gypsiferous soils) samples. 

KPJWWY~.S: Absorption spectrophotometry: Reduction; Sulphate determination; Volatilization 

1. Introduction 

There is great interest in developing new and 
practical methods for sulphate determination. Re- 
cently, methods have been reported in the litera- 
ture which include analytical techniques such as 
UV-Vis molecular spectrophotometry and tur- 
bidimetry [l-3], atomic spectroscopy [4], isotopic 
dilution [5], X-ray difraction [6]. electroanalysis [7], 
sensors [8,9], ion chromatography [lo] or capillary 
ion electrophoresis [l 11. The vast majority of these 
papers are concerned with procedures involving an 
important level of automatization [12]. 

* Corresponding author 

The reduction of sulphate to hydrogen sulphide 
and its subsequent determination can be consid- 
ered to be among the most interesting methods for 
sulphate determination. Ajwa and Tabatabai [ 131 
compared some methods for sulphate determina- 
tion in soils and arrived at the conclusion that the 
Methylene Blue calorimetric method after the re- 
duction of SOf- to hydrogen sulphide can be 
considered to be among the most accurate meth- 
ods. Certain reagents have been proposed for this 
reduction. Steinbergs et al. [14] used magnesium 
for the determination of total sulphur in soil and 
plant material. Metallic iron has also been used. 
Two classical reduction mixtures have been 
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proposed: one by Johnson and Arkley [15] com- 
posed of hydriodic aciddhypophosphorous acid-- 
formic acid; and a second, which is similar, 
composed of hydriodic acid and red phosphorus 
proposed by Lorant and Kopetz [16]. More re- 
cently. Norwitz [16] used a mixture of hydriodic, 
hypophosphorous and hydrochloric acids. 

In these methods the reduction step is followed 
by calorimetric determinations of H,S, after its 
previous absorption. For this purpose an alkaline 
zinc acetate solution is normally used. Then, in 
an acid medium, sulphide reacts to yield 
Methylene Blue [17.18]. This is the basis of a 
large number of analytical procedures. Other de- 
terminations have been proposed. Norwitz [16] 
measured the brownish-yellow colour of the 
lead sulphide obtained in an ammomia collecting 
solution. This methodology gives excellent ana- 
lytical values but is time-consuming. This seri- 
ously restricts its possibilities as a practical 
method. 

The purpose of this paper is to develop an 
alternative procedure for sulphate determination 
based on its reduction to hydrogen sulphide. It 
uses common reductant reagents, takes a short 
reaction time and produces a high level of ana- 
lytical performance. 

The proposed methodology simplifies and sys- 
tematizes the experimental procedure for treating 
samples (heating/reducing and collecting of 
gaseous products). The measuring step is also 
simplified by direct reading of sulphide ab- 
sorbance in alkaline solution. It is applicable not 
only to liquid but also to solid samples. 

2. Experimental 

2.1. Appurrrtus 

A Hewlett Packard 8452A diode array spec- 
trophotometer equipped with 10 mm quartz cells 
and interfaced to a Vectra CS data station was 
used for absorbance measurements. A Sartorius 
Research R 200D balance, with a readability of 
0.01 mg, was used for solid sample weights. 

The system for generation and collection of 
the hydrogen sulphide is shown in Fig. 1. It 
consists of a reaction flask which is placed inside 
a metallic cup. Its inlet tube is connected to a 
tank of nitrogen by rigid nylon tubing. This gas 
acts as a carrier gas and its pressure and flow are 
controlled. The outlet tube of the vessel is con- 
nected to a calibrated flask by rigid nylon tubes. 
The flask contains the collecting solution which 
is cooled by dipping it into a cold ice/water bath. 

A homogeneous and reproducible manner for 
heating the reagents during reduction/distillation 
was obtained by placing the reaction vessel in a 
brass hot cup. The cup was then heated with a 
cylindrical electric heater (heater jacket; Bas-Can; 
125 W). The electric heating conditions were 
controlled by an autotransformer to 110 V and 
0.5 A. The preheating time was 20 min and the 
temperature was then maintained constant at 
287 + 3 “C. - 

A schematic diagram of the home-made reac- 
tion flask, made from glass, used by us in this 
method is shown in Fig. 2. It consists of two 
pieces (head and vessel) which can easily be 
adapted for operation. 

Fig. I. Experimental assembly: (1) nitrogen/air supply; (2) flow 
regulator; (3) autotransformer AT250211C E.BOAR: (4) cylin- 
drical electric heater; (5) brass cup; (6) reaction flask; (7) 
ice/water bath (0 “C): (8) recovery solution. 
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YLINDRICAL ELECTRIC HEATER 

Fig. 2. Reaction flask and electrical heater system: reaction 
flask composed of two components (head and vessel) and the 
heater system composed of the brass cup surrounded by a 
cylindrical electric heater or heater jacket. 

2.4. Reugen ts 

All chemicals used were of analytical grade. 
Deionized water, quality Milli Q. was used in all 
dilutions. 

2.4.1. Standurd potussium sulphute solution (5000 
pg ml-’ sulphates) 

Dissolve 0.900 g of potassium sulphate (previ- 
ously dried to 120 “C) in water and dilute to 100 
ml in a calibrated flask. 1 ml of solution = 1.667 
mg of sulphur. Sodium sulphate and calcium sul- 
phate solutions were prepared in a similar man- 
ner. 

2.4.2. Stundard sulphide solution (1000 pg 1721~‘) 
Dissolve 0.7506 g of sodium sulphide in water 

and dilute to 100 ml in a calibrated flask. The 
concentration was standardized by iodometric 
back-titration. Working standard sulphide solu- 
tion had to be used within 30 min of standard- 
ization, as the concentration of sulphide 

decreased after this time owing to oxidation by 
air. 

24.3. Reducing mixture 

2.4.3.1. Fe0 suspension in wseline oil (40 g I-‘). 
Prepared by adding 2.000 g of iron powder to 50 
ml of Vaseline oil in a 100 ml beaker. 

2.4.3.2. Potassium iodide solution (25 g I- ‘). Dis- 
solve 2.5 g of KI in 100 ml of water. Concen- 
trated phosphoric acid (8%) and O.I.M. sodium 
hydroxide were used. 

2.5. Procedure for hydrogen sulphide generation 

Samples are placed in the glass reaction vessel 
and are heated at a constant temperature of 
287 f 3 “C for 15 min. If the sample is liquid, 
take a suitable volume of solution (of the order 
of 0.1~ 1 ml), if solid the correct weight of sam- 
ple (of the order of 2-5 mg). and wash with a 
few microlitres of distilled water. In both cases 
the solvent is evaporated. When dry, add 10 ,~l 
of KI solution and evaporate the solvent (this 
takes no more than a few seconds). Add 0.3 ml 
of phosphoric acid and 0.5 ml of Fe’jvaseline oil 
suspension. After stoppering the vessel, the N2 
carrier gas (at a steady flow of 70 ml min ~ ’ at 1 
bar pressure) is channelled through it and bub- 
bled into a 0.1 M NaOH solution. In this way 
the distilled hydrogen sulphide is absorbed. The 
alkaline collecting solution is maintained at 0 “C 
for 15 min. 

2.6. Determination 

Hydrogen sulphide in the collecting solution is 
determined spectrophotometrically by measuring 
the solution absorbance at 230 nm. The calibra- 
tion graph was prepared by treating 50 ~1 of 
standard sulphate solution (containing between 
50 and 700 pg of sulphate, as sodium sulphate) 
and the distilled gas was collected in a 10 ml 
calibrated flask. A reagent blank was run 
throughout the entire procedure. 



3. Results and discussion 

3.1. Optimhtion qj the reduc.tion r’ruction 

From the value of the standard potential for 
the SO: ~/S’ - couple (E” = 0.15 V) it can be 
deduced that many other couples with lower E” 
could be used as reductant agents. However, this 
reaction has important limitations. In the analyti- 
cal literature this reduction has only been re- 
ported with strong reductants such as metallic 
iron, Mg’ [14,19] and mixtures based on hydriodic 
acid/hypophosphite. We have studied other reduc- 
tants such as Zn”, Devarda alloy, and NaBH,, but 
the best results were obtained by working in acid 
medium (orthophosphoric acid) with a mixture of 
KI/Fe”, the Fe0 being iron powder suspended in 
Vaseline oil. In this way the reduction can be 
described by the following reactions: 

so;- +8H+ + 121~ s-S’- +41,- +4H,O 

in organic phase (vaseline oil): 

12+Fe0+21 +Fe’+ 

The conditions for the reduction reaction have 
been optimized by experimenting with the compo- 
sition of the reductant (KI/Fe”/vaseline oil), the 
acid medium and also the heating procedure. 

The amount of KI added must be as small as 
possible, because higher quantities produce an 
undesirable deposition of I2 in tubes. 2.5 x lop4 g 
(10 ~1 of 25 g 1~’ KI solution) was found to be 
best. 

The Vaseline oil, as an organic phase, has 
proved to be an optimum medium for extracting 
the iodine vapour, with high thermal stability 
during the heating step. The amount of Vaseline 
oil is not as important as the amount of KI but an 
excess should be avoided in order to diminish the 
organic vapour distillation. Therefore 0.5 ml was 
chosen as the minimum volume that covers the 
bottom of the flask. 

Iron powder has proved to be the critical 
reagent. It must be added in excess to ensure 
complete reduction. 20 mg was found to be re- 
quired for the reduction of up to 1.0 mg of 
sulphate. 

Various acids (HCl, HCIO,, H,PO,, HAc) were 
tested to find the best one for providing the acidic 
medium necessary for the reaction conditions. In 
this sense phosphoric acid was the best reagent. 
The experimental results obtained in its optimiza- 
tion are collected in Fig. 3. The sulphide ab- 
sorbance in the collecting solution increased with 
increasing acid volume up to 0.3 ml, above which 
it decreased. Therefore 0.3 ml of concentrated 
phosphoric acid was chosen. If standard potas- 
sium sulphates are used, they must be previously 
treated with NaOH solution and then the opti- 
mum volume of acidic medium increases to 0.4 
ml. 

3.2. Heating urui heating system 

The effect of heat on reduction and distillation 
is very clear. The procedure is accelerated at a 
higher temperature. The most effective and repro- 
ducible way of heating the reaction vessel was by 
using an electrical power-regulator system. It con- 
sists of a cylindrical electrical heater (heater 
jacket) wrapped around a metallic cup made of 
brass. Details of the set-up are given in Fig. 1. 
The electrical system employed was calibrated. 
The power dissipated by the electrical heater 
jacket was varied and the temperature attained at 
the reaction vessel wall, and also the time taken, 
were measured. A thermopar, type J, connected to 
an electrical source type N.R-l-17 (also calibrated 
by a multimeter HP type 3458A) was utilized. In 
conclusion, it can be said that working with the 
power regulator at 0.455 A and 110 V, an opti- 

L 

0.1 0.3 O-’ ml 
phosphoric acid 

Fig. 3. Effect of acidity on absorbance. For reduction of 900 
pg of sulphates. 
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Fig. 4. Evolution of sulphide absorbance in the collecting 
solution (-) and variation of the first derivative signal of 
the collecting solution (-) as a function of heating time, when 
700 ,~g of sulphate (as sodium sulphate) is reduced. 

mum temperature of 287 f 3 “C was obtained 
after 20 min of stabilization. The temperature was 
then maintained constant throughout the proce- 
dure. 

3.3. The rrcrction heuting time 

When the glass reaction vessel is placed in the 
thermally stabilized hot cup. it attains the opti- 
mum temperature in only a few seconds. Working 
at 287 & 3 “C, the heating time needed for the 
reduction/distillation of SO: ~ was studied. 700 
pg of SO,‘-- (as sodium sulphate) was taken and 
the reduction procedure given above was run. The 
set-up (Fig. 1) was connected to the HP diode 
array spectrophotometer flow cell which was filled 
with 0.1 M NaOH solution. The molecular ab- 
sorption spectrum of the collecting solution and 
its first derivative spectrum were recorded every 
60 s throughout the procedure. The variation of 
the absorbance at 230 nm (the absorption maxi- 
mum wavelength of the sulphide ions in aqueous 
solution) with time is shown in Fig. 4. It can be 
observed that after 5 min the absorbance is a 
maximum and is stabilized. This is also seen when 
the variation of the first derivative spectrum signal 
with time was utilized. In spite of previous results 
we work with a heating time of 15 min, i.e. we 
propose an extra heating time above that deter- 
mined experimentally as a security interval to 
ensure total sulphate reduction and also as a way 
of increasing the reproducibility of the procedure. 

3.4. Flow’ qf inert gus 

An optimum flow of nitrogen gas of 70 ml 
min’ at 1 bar pressure was regulated. Nitrogen 
can be replaced by air. In this case sensitivity is 
reduced, but by no more than 10%. 

3.5. Recowry solution 

Certain experiments were carried out using 
cooled ammonia solution or sodium hydroxide 
solution at different concentrations for hydrogen 
sulphide absorption. The results were more repro- 
ducible with cooled sodium hydroxide solution at 
0.1 M. Under that condition (pH 13) the ratio of 
the species H,S:HS ~ :S’~ is 5 x lo- 5’%:50’%:50% 
respectively. 

3.6. Distilled gas i&ntiJiccrtion 

The chemical composition of the gaseous 
product of the reaction was confirmed by two 
tests: 

(i) the characteristic yellow colour of the cad- 
mium sulphide precipitate; 

(ii) the absorption spectum of the sodium hy- 
droxide alkaline collecting solution which after 
sulphate reduction is similar to the positive sul- 
phide spectrum in alkaline solution. This is shown 
in Fig. 5. 

This confirms hydrogen sulphide generation. 

Fig. 5. Absorption spectrum for hydrogen sulphide dissolved 
in 0.1 M sodium hydroxide solution (-) and first derivative 
spectrum (~ ). 
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3.7. Spectrophotometric meusurement 

After sulphide absorption several calorimetric 
methods of sulphide determination were tested. 
We investigated Norwitz’s spectrophotometric 
method [16] based on ammonia/lead citrate solu- 
tion, also the Methylene Blue method [ 171 and the 
Boedeker reaction [20]. These three methods are 
time-consuming and can be considered very labo- 
rious. However, the sulphide ions in NaOH alka- 
line solution present an absorption spectrum with 
the absorbance maximum at 230 nm that makes a 
simple method for its determination possible by 
direct absorbance measurements at 230 nm. Also 
the first derivative spectrum can be used as an 
alternative measurement if over-heating at the 
reduction step produces volatilization of the or- 
ganic Vaseline oil which has an absorbance maxi- 
mum at 195 nm. 

3.8. Pecformance of the method: calibmtion graph 

Calibration graphs were prepared by evaporat- 
ing to dryness amounts of standard sodium sul- 
phate solution and utilizing the reductionjdistil- 
lation procedure. If potassium sulphate solution is 
used instead of sodium sulphate the same proce- 
dure is followed except that the experiment is 
performed by treating amounts of the solution 
with a few drops of 0.1 M sodium hydroxide 
solution and evaporating the solution to dryness. 
A reagent blank experiment without sodium or 
potassium sulphate is performed using the same 
procedure as previously. The calibration graph 
was linear between 50 and 700 pg of SO: ~, with 
a correlation coefficient of 0.999 (n = 8). The cor- 
responding regression equation was: 

A = 0.068 + 2.6 x 10P3(SO;P) 

where the amount of sulphate (SO; ) is expressed 
in micrograms and the absorbance (A) is mea- 
sured at 230 nm against the reagent blank solu- 
tion. The relative standard deviation for the 
determination of 400 pg sulphate is 5.7% (n = 10). 
The theoretical detection limit (signal/noise = 3) 
was 3.9 pg of sulphates. The time required to 
process a liquid sample was 15 min. 

3.9. Interj’erences: Qect of metals associated with 
sulphutes 

The effects of sodium, potassium and calcium, 
which are associated with SO: ~, have been stud- 
ied. An experiment was performed with the same 
weight of sulphate ion (3 mg) but with three 
different metal salts. The degree of interference 
produced by the cation associates on the reduc- 
tion reaction was evaluated by two parameters: 

(i) the sensitivity value derived from the ab- 
sorbance signal/mg ion sulphate ratio; 

(ii) the time required to finish the reaction. 
The results are summarized as follows: 
Sulphate as sodium salt: shows a sensitivity 

value of 1.11. This is the highest. Therefore it can 
be said that this is the most sensitive salt and also 
the fastest to reduce. 

Sulphate as potassium salt: shows a sensitivity 
value of 0.474. The whole reaction took more 
than 15 min. 

Sulphate as calcium salt: shows a sensitivity 
value of 0.439. Its sensitivity is similar to that of 
potassium but lower. It takes of the of 60 min to 
be reduced. 

3.10. Other interfkrences 

The presence of nitrate was studied because it is 
a very common anion associated with sulphate in 
real samples and has an oxidizing effect. It was 
checked that the presence of nitrate at the same 
level as sulphate does not affect the reduction 
efficiency, i.e. 200 pg of nitrate did not cause 
reduction in the recovery of 200 pg of sulphate. 
However, it was noted that the addition of an 
excess of 0.5 ml of 6 M HNO, (190 mg of nitrate) 
drastically reduced the recovery of sulphate. 

3.11. Elimination of interferences 

From Section 3.9 the marked effect of potas- 
sium and calcium on sensitivity can be seen. Cer- 
tain experiments were carried out in order to 
eliminate their influence. 

It was found that the addition of NaOH solu- 
tion to potassium sulphate restores the signal to 
the same level as that of sodium sulphate but the 



Table I 
Comparison of sulphate contents of mineral water ab deter- 
mined by the proposed and reference methods [19] 

Parameter Reference Proposed 
method method 

Volume of sample (ml) IO 3 
No. of determinations 5 6 
Sulphate found 177.7 119.1 
(mg I-‘);’ 
‘KRelative standard I.7 4.1 
deviation 

~’ Results are the average of determinations. 

time required was still 15 min. The elimination 
of the calcium effect was attempted with sodium 
hydroxide and certain ligands. The addition of 
EDTA tetrasodium salt produced the best re- 
sults and restored the signal of sulphate. In this 
case solid calcium sulphate and EDTA tetra- 
sodium salt were dissolved in the minimum 
amount of water, according to a ratio of the 
order of grams sulphateslgrams EDTA = l/ 1. 
The solution was then evaporated and submitted 
to the reduction procedure, which required 60 
min. 

In contrast, the interference of nitrate was 
prevented by adding a sufficient quantity of Fe” 
in Vaseline oil suspension (about 20 mg of Fe” 
for every 5 mg of nitrate added) to the reaction 
flask. 

3.12. Application qf’ the method 

The proposed method was applied to the de- 
termination of sulphate in mineral water and 
also in solid gypsiferous soils. These two types 
of sample were not certified but their contents 
were compared with those obtained using refer- 
ence methods. 

The results for the determination of sulphates 
in mineral water samples are collected in Table 
1 and were compared with a nephelometric 
method [17]. As can be seen, they were similar 
and the precision of the proposed method is 
poorer than that of the reference method. How- 

ever, the one-tailed F-test for the comparison of 
precision shows that the standard deviation of 
the proposed method is not significantly greater 
than that of the reference method. Also, a 
statistical t-test was applied to test the means of 
these two determinations. So, for nine degrees 
of freedom the critical value of It] (P = 0.05) is 
2.26 and since the experimental value of It/ is 
0.21, there were no significant differences be- 
tween the two methods. The sulphate contents 
in gypsiferous soil samples were determined us- 
ing the following procedure: solid samples were 
homogenized and ground to < 150 Llrn; between 
2 and 5 mg of powdered sample was weighed 
into the reaction vessel; a similar weight of 
EDTA tetrasodium salt was also added to the 
reaction vessel and both sample and ligand were 
dissolved in a small amount of deionized water. 
The solution was then analyzed according to the 
procedure described above. The same samples 
were analysed by the calorimetric reference 
method [21]. This method is based on the dis- 
placement of chromate ions from sparingly solu- 
ble barium chromate by sulphate ions. The 
chromium is then determined from the colour of 
the chromate ions. The results are collected in 
Table 2. As can be seen the results were almost 
identical with an important, but not significant, 
difference in precision. In this case a paired t- 
test was applied to compare the difference be- 
tween the three pairs of results given by the two 
methods. The critical value of ItI (P = 0.05) for 
two degrees of freedom is 4.30 and since the 
experimental value of IfI (1.02) is less than this, 
it can be said that no significant differences 
were found between the means of the two 
methods. 
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Table 3 
Comparison of sulphate contents“ in gypsiferous soils as determined by the proposed and reference methods [I91 

Soil sample Reference method Proposed method 

Sample taken Sulphate content Sample taken 

(mg) (% (Wh). 0) (mg) 

I 500 53.0 iy 0.6, w = 3 23 
2 500 31.6+0.5. n=3 4.5 
3 500 23.9 p 0.5, 12 = 3 5.0 

” Results are expressed as the average of ,I different determinations k the standard deviation. 

Sulphate content 
(‘X, (W/W). ,l) 

52.6 f 0.2. M = 3 
32 * 2. II = 4 
20 f 4. ,1= 3 
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Abstract 

Chrome Azurol S (CS) was imobilized on an strongly basic anion-exchange resin (Dowex 2 x 4, in Cl- form) by 
batch equilibration. The modified resin was stable in acetate buffer solution and in 0.1 M HCl and H,SO,. but it was 
readily degraded with 2-6 M HCI and HNO,. Retention of Ba(II), Sr(II), Ca(II), Mg(II), Al(III), Cr(III), Zn(II), 

Fe(II1): Ti(IV): Mn(II), Co(II), Ni(II), Cu(I1). Cd(II) and Pb(II) was studied using the batch equilibration method. 
The uptake and recovery yields were determined by using inductively-coupled plasma atomic emission spectroscopy 
(for Mg, Al. Cr. Ti, Fe, Mn. Ni. Zn, Cu. Cd and Pb) and atomic absorption spectrophotometry (for Ba, Sr, Ca and 
CO). The optimum pH value was established for performing a selective separation of Al(W) from the other metal 
ions. The sorption capacities of the CS-loaded resing for Al(III), Cr(lII), Mg(II) (at pH 6). Fe(III) (at pH 5) and 
Ti(IV) (at pH 4) were 14. 2.9. 0.3, 3 and 3.9 /(moles g-’ respectively. On this basis a method for separating Al(II1) 
from other cations was established. 

Keyt{vrd.s: Anion-exchange resin; Chrome Azurol S; Metal sorption 

1. Introduction 

Many complexing agents have been employed 
for the separation of metal ions on anion-ex- 
change resins. These reagents, which have chelat- 
ing groups, have been introduced into the resins 
by simple loading and the modified resins have 
been used for the selective recovery or preconcen- 
tration of metal ions [l]. Torre and Marina [2] 
discussed the potential of anionic chelating agents 

* Corresponding author 

loaded on anion-exchange resins in a thorough 
review. Chrome Azurol S (CS) has been used as a 
chromogenic agent in determinations of some 
metal ions using complexometric titrations or 
spectrophotometry [3,4]. 

The purpose of the present work is to explore 
the possibility of separating some metal ions from 
mixtures by use of a common anion-exchange 
resin loaded with CS. The sorption behaviour of 
Ba(II), Sr(II), Ca(II), Mg(II), Al(III), Cr(III), 
Zn(II), Fe(III), Ti(IV), Mn(II), Co(II), Ni(II), 
Cu(II), Cd(I1) and Pb(I1) on the chelating-agent- 
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loaded resin was investigated at different pH val- 
ues. The separations are based on the different 
affinities of these metal ions for the chelating resin 
as a function of pH. The proposed method was 
applied to the determination of Al(II1) in a cer- 
tified reference material sample of zinc. 

2. Experimental 

2.1. Apparatus 

A Spectroflame (Spectra Analytical Instru- 
ments, Germany) Model P inductively-coupled 
plasma atomic emission spectrometer was used 
for determination of Mg(II), Al(III), Cr(III), 
Ti(IV), Fe(III), Mn(II), Ni(II), Zn(II), Cu(II), 
Cd(II), Pb(II), Sn(II), Sb(II1) and Zr(IV). A Pye- 
Unicam atomic absorption spectrophotometer 
Model SP 192 equipped with an air-acetylene 
flame burner and a deuterium continuum source 
background corrector was used for determination 
of Ba(II), Sr(II), Ca(I1) and Co(I1). An Orion EA 
920 pH meter equipped with a combined glass- 
calomel electrode was used for all pH measure- 
ments. A Specord M40 UV-Vis spectrophoto- 
meter was used for spectrophotometric determina- 
tions. 

2.2. Reagents 

All the reagents were of analytical-reagent 
grade. 

The chloride form of the strongly basic anion- 
exchange resin Dowex 2 x 4 was used for the 
preparation of the chelating-agent-loaded resin. 
The exchange capacity of the resin was found to 
be 3.98 meq g ~ ’ of air-dried resin. 

The ligand employed was Chrome Azurol S 
(3’-sulfo-2’,6’-dichloro-3,3’-dimethyl-4-hydroxy-fu- 
chsone-5,5’-dicarboxylic acid sodium salt) pro- 
duced by Merck (Darmstadt, Germany). 

Working solutions of cations (10 ~ ’ M) were 
prepared by diluting Merck atomic absorption 
standard metal ion solutions with distilled water. 
Buffer solutions of pH l-6 were prepared using a 
mixture of hydrochloric acid and potassium chlo- 
ride (pH l-2), tartrate buffer (pH 3) and acetate 
buffer (pH 4-6). 

2.3. Procedure 

2.3.1. Preparation of CS-louded resin 
The batch method was used for retention of CS 

on the resin. Thus, a weighed amount ( % 100 mg) 
of dry resin (chloride form) was treated with 10 
ml of reagent solution of known concentration 
and shaken with a mechanical shaker. Then, the 
loaded resin bed was filtered off in a fritted-glass 
funnel and washed with distilled water to remove 
the excess reagent. The supernatant solution and 
the rinsing water were collected in a 25 ml volu- 
metric flask. The amount of CS in the supernatant 
solution was determined spectrophotometrically 
at 435 nm. 

2.3.2. Procedure jbr the sorption oJ‘ metal ions us 
u jimction of pH 

Weighed amounts (100 mg) of chelating resin 
(0.04 mmoles CS per gram of dry resin) were 
equilibrated with aliquots (10 ml) of buffer solu- 
tions (pH l-6) by shaking the mixtures with a 
mechanical shaker for about 1 h. Then, to these 
mixtures, aliquots (4 ml) of 10 ~ ’ M solutions of 
each of Ba(II), Sr(II), Ca(II), Mg(II), Al(III), 
Cr(III), Zn(II), Co(II), Ni(II), Cu(II), Cd(I1). 
Pb(I1) and Mn(I1) and 1 ml of 10-j M solutions 
of Fe(II1) and Ti(IV) were added and shaken for 
2 h. After this treatment, the resin was filtered off 
in a fritted-glass funnel, washed with distilled 
water and the excess of metal ion remaining in 
solution was recovered in a 25 ml volumetric 
flask. An appropriate volume of each filtrate was 
used for the determination of the metal ion. 

3. Results and discussion 

3.1. Retention of’ CS on anionic resin 

The amount of CS loaded on the chelating resin 
was determined by the batch method. The sorp- 
tion capacity was found to be 0.32 mmoles CS per 
gram of dry resin. In order to investigate the 
stability of the CS-loaded resin in the presence of 
other anions the most common acid solutions 
(HCl, HNO, and HSO,) were used (Fig. 1). The 
effects of the anions in the sequence NO, > Cll 
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> SO: ~ are quite similar to their affinities for 
anion-exchange resin Dowex 2 x 4. It was ob- 
served that the chelating agent was quantitatively 
held by the resin in the presence of 0.1 M acid 
solutions. Some CS was still retained on the resin 
even in 1 M HCl or H,SO, due to the z-71 
interaction between the benzene ring of CS and 
the divinylbenzene moiety of the resin matrix. The 
sorption of the chelating agent molecule by its 
chelating groups, such as the hydroxyl group, has 
to be taken into consideration. 

3.2. Sorption of metal ions on CS resin 

In order to determine the optimum conditions 
of the sorption of metal ions by the loaded resin, 
the optimum pH ranges were investigated by the 
batch method. 

3.2.1. Sorption of Al(III) 
The sorption behaviour of AI(II1) on CS resin 

as a function of pH is shown in Fig. 2. The 
sorption of Al(II1) increases with pH. After the 
sorption of Al(III), the colour of the resin 
changed from orange to brown. It was observed 
that the retention of Al(II1) was complete at pH 
6. The reacting ratio of Al(II1) to CS was found 
to be approximately 1:3 under the conditions 
used, as shown in Fig. 3, which corresponds to the 
ratio in the reaction of Al(III) with CS in solu- 
tion. 

E + 70- 

; 60- 
“, 
L! 50- 

Fig. 1. Release of CS from the chelating resin in the presence 
of (e) H,SO,; (n) HCI; (0) HNO,. 

‘+ / I 

‘:L 
PH 

Fig. 2. Retention of Al(lII) as a function of pH. Resin taken: 
0.1 g (0.04 mmoles CS per gram of resin); volume of solution: 
14 ml; concentration of Al(Il1): 8 ppm. 

The desorption of Al(II1) from the chelating 
resin is complete with 0.2 M HCl. The variation 
of the sorption of AI(N) on CS resin with pH is 
in good agreement with the variation of the ab- 
sorbance of the metal-ligand complex in solution 
as a function of pH (Table 1). 

3.2.2. Sorption of Fe(III) untl Ti(IV) 
Fe(II1) and Ti(IV) also form complexes in solu- 

tion. The absorbance values of these metal-ligand 
complexes as a function of pH are shown in Table 
1. The Fe(III)-CS complex was found to show 
maximum absorbance at pH 6 while the Ti(IV)- 
CS complex presents maximum absorbance at pH 
5. Owing to their tendency to hydrolyse, tests with 

AICI added/C5 on the resin 

Fig. 3. Binding ratio of Al(III) to CS loaded on the resin (0.04 
mmoles CS per gram of resin). 
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Table 1 
Variation of absorbance of cation-CS complexes as a function 
of pH 

PH Absorbances of CS complexes” with 

Al(III) 
(2. = 560 nm) 

Fe(II1) Ti( IV) 
(2 = 580 nm) (A = 600 nm) 

1 0.01 0.15 0.03 
2 0.03 0.30 0.08 
3 0.28 0.40 0.17 
4 0.96 0.50 0.24 
5 1.19 0.60 0.30 
6 1.26 0.62 0.29 

“2 ml CS (IO-’ M)+0.5 ml metal ion (lo-? M)+ 10 ml buffer 
solution (pH l-6). diluted to 25 ml with distilled water in a 
calibrated flask. 

small amounts of Fe(III) and Ti(IV) (5 ppm) 
were made. The results indicated that the sorp- 
tion capacities of the loaded resin for Fe(II1) 
and Ti(IV) increase with pH and reach a maxi- 
mum of 3 LLmoles g- ’ for Fe(II1) at about pH 5 
and 3.9 pmoles g-’ for Ti(IV) at pH 4 (Fig. 4). 
Fe(II1) at pH 6 and Ti(IV) at pH 556 are not 
retained because of their hydrolysation. It was 
also found that Fe(II1) in the presence of 5”/0 

0 1 2 3 i 5 6 
PH 

Fig. 4. Retention of Fe(II1) and Ti(IV) as a function of pH: 
(A) Fe(II1): (a) Ti(IV). Resin taken: 0.1 g (0.04 mmoles CS 
per gram of resin); concentration of Fe(II1) and Ti(IV) soh- 
tions: 5 ppm. 

NH,OH. HCl solution is not retained by the CS- 
loaded resin because Fe(II1) is reduced to Fe(II), 
which does not form a complex with CS. 

3.2.3. Sorption of other metal ions 
The sorption characteristics of the complexing 

resin for Ba(II), Sr(II), Ca(II), Mg(II), Co(II), 
Cr(III), Ni(II), Zn(II), Mn(II), Cu(II), Cd(I1) 
and Pb(I1) were also studied in the same pH 
range. Small retentions of Mg(I1) and Cr(II1) 
were observed at pH 6 (0.3 Llmoles g- ’ for 
M&II) and 2.9 jlmoles g ’ for Cr(II1)). The 
other metal ions were not retained by the chelat- 
ing resin in the pH range 1-6. 

The effect of possible interferents encountered 
in real samples has been tested: the retention of 
Sn(II), Sb(II1) and Zr(IV) being investigated. We 
used 1 ppm solutions of Sn(II), Sb(II1) and 
Zr(IV), to prevent the precipitation of their hy- 
drolysed ions, particularly at pH 336. It was 
observed that these metal ions could be tolerated 
up to a level of 1 ppm. 

4. Application 

The results of the present study have been 
applied to the determination of Al(II1) in a zinc 
sample supplied by The Institute of Rare and 
Nonferrous Metals (Bucharest). 2 g of zinc was 
completely dissolved in a minimum volume of 
concentrated hydrochloric acid (about 10 ml) by 
heating on a water bath. The solution was evap- 
orated to a very small volume. To this a small 
volume of water was added. The solution was 
cooled, filtered and diluted to 50 ml in a cali- 
brated flask. An aliquot (15 ml) of the sample 
was adjusted to pH 6 with 0.1 M NaOH and 
added to a mixture of 0.1 g of loaded resin and 
10 ml of acetate buffer (pH 6). The mixture was 
shaken for about 3 h. The supernatant solution 
had been eliminated and the resin was then 
washed with distilled water. The retained Al(II1) 
was then eluted with 25 ml of 0.2 M HCl and 
determined in the supernatant solution by induc- 
tively-coupled plasma atomic emission spec- 
trometry (ICP-AES). The results are given in 
Table 2. These results are in good agreement 
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Determination of AI(III) in a zinc sample 

Sample Composition (hlg gg ’ ) Concentration of Al(II1) (pg gg’) 

Certified value Found” 

Zinc Cd, 3.75; cr, 0.20; Cu. 2.50; Fe, 14.75; Mg. 0.025; Mn. 0.65; Ni. 27.25; P. 35 & 3 33 *2 

0.032; Pb. 33.75; Sb. 0.025: Si, 163.75; Sn. 0.025; Ti, 0.105; Zr. 0.025 

a Mean of three determinations. 

with the certified values. It was observed that 
under optimum experimental conditions the sorp- 
tion of Al(II1) was quantitative and the interfer- 
ences caused by low concentrations of metal ions 
such as Cr(III), Ti(IV) and FeWI) were negligible. 

5. Conclusion 

The proposed method is able to separate and 
concentrate Al(II1) using the reaction of Al(II1) with 
CS supported on the anion-exchange resin. The 
method described above can be used for separation 
of an element from complex mixtures. Also, the 
value of the direct determination of the element 
from complex mixtures. Also, the value of the direct 
determination of the element can be controlled by 
introduction of an intermediary stage: preconcen- 
tration, followed by its proper determination. 
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Abstract 

The Debye-Htickel semiempirical extended equation is frequently used to calculate activity coefficients of chemical 
species and equilibrium constants at ionic strengths different from those used in their experimental evaluation. A 
series expansion of the extended Debye-Hiickel equation is proposed here and checked with experimental data taken 
from the literature. The expansion is linear in the ionic parameters and yields a geometrical series which converges 
rapidly and that enables the accurate calculation of interpolated and extrapolated activity coefficients and equilibrium 
constants by simple and multiple linear regression without previous knowledge of the ionic parameters. 

Keywords: Activity coefficients; Debye-Hiickel equation; Ionic strength; Stability constants 

1. Introduction 

In the experimental evaluation of equilibrium 
constants an inert electrolyte is used to maintain a 
given ionic strength, I. Consequently, experimen- 
tal values of the constants are found in the litera- 
ture at only a few (frequently large) values of I. 
However, accurate values of equilibrium con- 
stants at low and variable ionic strengths are of 
great interest in calculations related to speciation 
and transport modelling of nutrients and pollu- 
tants in water resources, in physiological fluid 
studies and in other fields [1,2]. 

* Corresponding author. 

To calculate an equilibrium constant at any I 
value, the activity coefficients of the species in- 
volved must be evaluated. These can be calculated 
by the extended form of the semiempirical De- 
bye- Hiickel equation [ 1,3-71: 

log 71, = - ‘4:; 
j7 

r + c,I (1) 
1 + Bu,JI 

where yi and z, are the activity coefficient and the 
charge of species i respectively, and the parame- 
ters A, B, ai and ci depend on the composition of 
the medium and on the temperature. The ionic 
parameters, a, and c,, also depend on the nature of 
the i species. Frequently, the term in c, is ne- 
glected [8] and empirical values of U, are used 
[3,9]. According to the Bates-Guggenheim con- 
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vention Ba, = 1.5 for Cl ~, and this has also been 
extended to other ions [lo]. Additional polyno- 
mial terms have been proposed, e.g. a term in Z3/’ 

[41. 
Other more complex algorithms which relate 

activity coefficients to I have been developed 
[6,7.11- 141. The specific interaction theory (SIT) 
[l l] relies on the DebyeeHtickel equation and 
takes into account short-range interaction forces 
that are specific to each solute. The Pitzer al- 
gorithm [ 121 allows the accurate prediction of the 
properties of mixtures when the properties of the 
pure components are accurately known. However, 
this algorithm uses a great number of empirical 
parameters, many of which are not known. A 
recent study has shown that the Pitzer algorithm 
is very useful to fit data over wide I ranges and in 
mixtures of electrolytes; however, with a single 
electrolyte and at low ionic strengths it does not 
show remarkable superiority to other similar 
models [6]. 

The empirical nature of I and the ionic parame- 
ters, and the systematic errors which affect extrap- 
olation to low values of I, have been the subject 
of controversy [15,16]. However, the Debyee 
Htickel expression is widely used [ 17,181. Unfortu- 
nately, this equation and the algorithms cited 
above are non-linear in the ionic parameters. 
These should be already known or simultaneously 
obtained with the constants by non-linear iterative 
procedures. In this work, a series expansion of the 
extended Debye-Hiickel equation is proposed 
and checked using literature data. The series ex- 
pansion converges rapidly and is linear in the 
ionic parameters, which enables the accurate cal- 
culation of interpolated and extrapolated activity 
coefficients and equilibrium constants by single 
and multiple linear regression. Previous knowl- 
edge of the ionic parameters is not required. 

2. Theory 

2.1. A linear series expansion of the 
Debye- Hiickel equation 

The extended Debye-Hiickel equation (Eq.( 1)) 
is non-linear in a,. but as shown next linearization 

can be achieved by a series expansion. For this 
purpose, the non-linear term can be written as a 
sum of a linear term with an arbitrary constant, c(, 
and an error, c, giving: 

4 v J? 
-+&=F+& 

1 + Ba,$= 1 + a$ 
(2) 

where F is a function of I. Rearranging we have: 

E=F 
4 

r(a-Ba,) (3) 
1 + Ba,JI 

By substituting the value of E given by Eq. (3) into 
Eq. (2), we have: 

r, v 4 
,=F+F t/ (CI - Ba,) 

1 + Ba,JI 1 + Ba& 
(4) 

and: 

r = F+ F(F+ ~)(g - Bui) 
1 + Ba,JI 

(5) 

If the process is repeated, the following geometri- 
cal series results: 

$ 

1 + Ba,$ 
= i Fj+‘(a-Ba,}j (6) 

i = 0 

where N is the number of terms of the series. The 
series reason is: 

R = F(Y. - Bui) (7) 

The series converges in all cases when x is larger 
than Ba,; further, the convergence is quicker the 
closer to zero is the reason, i.e. as Bai is closer to 
z. Similarly, a Taylor development [19] of the 
Debye-Htickel equation leads to the same series. 
Further, if x = 0, the series proposed by Datta 
and Grzybowsky [20] results. 

2.2. Eualuution of activity coefficients und ionic 
parameters 

The equations obtained by taking only one or 
two terms of the series, i.e. by making N = 1 and 
N = 2 in Eq. (6) and substituting into Eq. (I), are 
given in Table 1 (Eqs. (8811)). If at least two 
experimental points at two values of I are avail- 
able, Eq. (8) can be used to obtain A and c,. With 
three or more points simple linear regression can 
be used. Similarly, Eq. (9) can be used to evaluate 
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Table 1 
Equations obtained from Eqs. (6) (upper part) and (14) (lower part) by making A’= 1 and A’= 2 

1581 

!V Equation Evaluated Min. no. 
parameters data’ 

1 log ;:, = ~ A$F+ c,I (8) A. C’, 2 
2 logy,= -A_ZF-A;L(J-Ba,)F’+(.,I (9) A, Ba,, c, 3 
1 logy,= +Az’F=c,I (10) (‘, 1 
2 logy,+A:‘F= pArf(x-Ba,)F’+c,I (11) Ba,, c, 2 

1 log K, = log K,, + Q, Ff CI (18) log 4). Q,. C 3 
2 log K, = log K<, + Q, Ff Q>F’ + CI (19) log Ko. Q,. Q>. C 4 
1 logK,-Q,F=logK,,+CI (20) log K”, C 2 
2 logK,-Q,F=logK,>+QZF’+CI (21) log K,,. Q2. C 3 

a Minimum number of points required to calculate the parameters: with more points, linear regression should be applied. 

A, Ba, and c, using data at three values of I. With 
more than three data sets multiple linear regres- 
sion can be applied. 

Eqs. (8) and (9) can also be conveniently writ- 
ten as indicated by Eqs. ( 10) and (11) in Table 1. 
Eq. (10) is useful to obtain ci from a single 
experimental point and a literature value of A. 
Similarly, Eq. (11) can be used to evalute Ba, and 
c, using a known value A and points measured at 
two values of I. With more data, the parameters 
can be obtained by simple linear fitting. It should 
be noted that F is a function of I; therefore. the 
regression straight lines obtained with Eqs. (8) 
and (11) and the regression plane given by Eq. (9) 
are curves on the log 7, vs. I plane. 

2.3. Etialuution of equilibrim constants 

An equilibrium reaction in which n species are 
involved can be expressed as 

ii, q;Ml = 0 (12) 

where g, and [A,] are the stoichiometric coeffi- 
cients, positive for reactants and negative for 
products, and molar concentrations respectively. 
The equilibrium constant at zero ionic strength, 
K,, is 

& = fi (A,)41 = fi [Ai]Yfl fi 1)~ = K,K; (13) 
,=I ,=I i=l 

where (A,) is the activity of the i species, and K,. is 

the concentration constant at any 1. Taking loga- 
rithms and using Eq. (6): 

log Kc = log K, + Cl+ 1 QjF’ (14) 
/=l 

where N is the number of terms of the series 
which are taken. The other symbols are: 

IV 
c= 1 (-c,q,) 

i=1 
(15) 

N 

Q, = A c q,zf(x - Ba,)j- ’ 
i=l 

(16) 

It should be observed that Q, does not depend on 
the ionic parameters: 

IV 

Q, = A c (- +A) (17) 
,=I 

Eq. (14) can be used to evaluate log K,, C and 
Q,, and to interpolate and extrapolate log K, 
values using experimental data obtained at a few 
values of I. Thus, by making N = 1 in Eq. (6) and 
substituting in Eq. (14) Eq. (1X) of Table 1 
results. If data at three values of I are known, Eq. 
(18) can be used to obtain log K,, Q, and C. If 
more data are available, the parameters can be 
evaluated by multiple linear regression. Similarly, 
Eq. (19), which is obtained by making N = 2, can 
be used to evaluate log K,, Qr, Q2 and C if data 
at four or more values of I are available. 

If A is known, Q, can be calculated from the 
reaction stoichiometry. Then, Eqs. (18) and (19) 
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can also be conveniently written as indicated in 
Eqs. (20) and (21) of Table 1. Data at only two 
values of I are enough to obtain log KU and C 
using Eq. (20). If more than two data points are 
available, log K, and C can be obtained by simple 
linear regression. Data points at three or more 
values of I and multiple linear regression are 
required with Eq. (21). 

3. Results and discussion 

3.1. Convergence of the series 

The convergence of the series was checked at 
several values of the difference (CI - Bai) and I. It 
should be remembered that no error is produced, 
even with N = 1, when z = Bu,. Fig. 1 shows the 
relative error obtained at increasing values of N 
when the logarithm of the activity coefficient of a 
hypothetical monovalent cation of Bu, = 3 was 
predicted with z = 2 at several I values. Conver- 
gence was quicker at lower values of I; however, 
the series converged rapidly in all cases, with 
errors below 1% when N 2 4. Fig. 2 shows the 
error obtained at different I values when c( was 
varied with N = 2 and Bui = 2. The error in- 
creased quickly as 4 moved away from Bui, and 
was also higher at larger values of I. 

-1-T-T 
0 2 4 6 8 N 10 

Fig. I. Relative error (percent) of the predicted logarithm of 
the activity coefficient of a hypothetical ion of Ba, = 3 at 
increasing values of IV. Series calculated with 3 = 2 and I = 1 
(O), 0.1 (0) and 0.01 M (C). 

4+ 

0 I I I 

0.0 1.0 2.0 3.0 a 4.0 

Fig. 2. Relative error (percent) of the predicted logarithm of 
the activity coefficient of a hypothetical ion when OL is moved 
awayfromr=Ba,=2withN=?andI=I (O),O.l (+)and 
0.01 M C.2). 

3.2. Fitting of esperime~ltal dutu 

Data of the activity coefficient of proton (Table 
Al) and of several equilibrium constants (Tables 
A2, A3 and Table 5) at different values of I were 
taken from the literature. Eqs. (S- 11) and (18- 
2 1) were used to fit the data using z = 1. 

First, the data series of Table Al were used to 
obtain the regression curves with Eqs. (8- 11). The 
average of the absolute deviations between experi- 
mental and fitted values of the logarithm of the 
activity coefficient of proton, log 71H, are given in 
Table 2. The best fittings corresponded to Eqs. (9) 
and (11). where N = 2. A lower value of r was 
obtained with Eq. (8), and the lowest r corre- 
sponded to Eq. (10) in which the parameter A was 
maintained constant and only c, was allowed to be 
fitted. The 25°C data series and the regression 
curves obtained with Eqs. (8) and (9) are plotted 
in Fig. 3. It can be observed that Eq. (9) accu- 
rately predicted all the data. and that Eq. (8) was 
somewhat less accurate. 

Eqs. (18-21) were used to fit both pK, data 
and the logarithms of the stability constants of 
the complexes FeCl’ + and FeSCN’+ at increas- 
ing I values. The data given in Tables A2 and A3 
were used in the fittings. The averages of the 
absolute deviations between fitted and experimen- 
tal values are shown in Tables 3 and 4. In both 
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Mean of the absolute values of the residues of linearly fitted ;I~ (r given between parentheses) using the data of Table Al” 

Equation 10°C 25°C 37°C 45°C 

8 0.011 (0.98) 0.010 (0.990) 0.008 (0.990) 0.008 (0.990) 
9 0.0021 (0.9995) 0.0016 (0.9997) 0.0008 (0.9999) 0.0013 (0.9997) 
10 0.03 (0.89) 0.03 (0.87) 0.03 (0.86) 0.03 (0.84) 
11 0.004 (0.9990) 0.0021 (0.9994) 0.0009 (0.9999) 0.0015 (0.9996) 

Ah 0.498 0.510 0.523 0.537 

a Data at temperatures other than 25°C were also taken from Ref. [4]. 
b Used to calculate the AzfF term in Eqs. (10) and (11) (data taken from Ref. [4]) 

cases, the deviations between experimental and 
fitted values were small. The best fittings were 
obtained with Eqs. (19) and (21) where N= 2, 
and the poorest with Eq. (20) in which N= 1 and 
only two parameters were fitted. 

Next, Eq. (18) and only three experimental pK, 
values taken at I = 0.10, 0.50 and 3.01 M were 
used to predict the data at intermediate values of 
I. The average relative error was 0.02, 0.03 and 
0.07% for the LiCl, NaCl and KC1 series respec- 
tively. When Eq. (20) and only two experimental 
points were used, i.e. I= 0.10 and 3.10 M, the 
average relative error increased to 0.03, 0.14 and 
0.3% respectively. The LiCl series and the regres- 
sion curve predicted by Eq. (20) are shown in Fig. 
4. The curves predicted by the Pitzer, SIT and 
DebyeeHtickel algorithms using pK,,, = 14.00 
and the ionic parameters given by Elizalde and 

0.81 
0.0 0.2 0.4 0.6 0.8 I 1.0 

Fig. 3. yH data series of Table Al at 25°C and regression 
curves obtained with Eqs. (8) (broken line) and (9) (solid line) 
using all the data. 

Aparicio [14] are also shown in the Figure. Predic- 
tions made with these algorithms were much less 
accurate. 

3.3. Linear extrapolation to zero ionic strength 

Eqs. ( 18-21) and all the data given in Table A3 
were used to calculate the logarithms of the stabil- 
ity constants of FeCl’+ and FeSCN’+ at I= 0. 
As shown in Table 4, Eq. (20) gave the most 
accurate results, and Eq. (19) lead to absurd 
values. The large and very large deviations in 
relation to the expected values were due to the 
presence of maxima and minima in the regression 
functions which caused dramatic effects in some 
cases when extrapolation was used to evaluate 
data located at large distances from the experi- 
mental values. However, the deviations found 
were always small when these equations were used 
to interpolate data. 

The capability of Eq. (20) to reliably extrapo- 
late data to I= 0 is also shown in Tables 5 and 6. 

Table 3 
Mean of the absolute values of the residues of linearly fitted 
pK, values using the data of Table A2” 

Equation LiCl NaCl KC1 

18 0.0018 0.0012 0.005 
19 0.0017 0.0011 0.0024 
20 0.0018 0.007* 0.019* 
21 0.0018 0.002 0.0021 

a For Eqs. (20) and (21). Q, = - 1.018, r>0.999, except for the 
two cases indicated with asterisks which gave r = 0.996 and 
0.98. 
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Table 4 
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Mean of the absolute values of the residues. n (P given between parentheses), values predicted to I = 0. log K,,. and deviation from 
the literature value, c, for the logarithm of the stability constants of FeCI’+ and FeSCN’-“ 

Equation 

18 
19 
20 
21 

FeCI’+ 

d (r) 

0.033 (0.9992) 
0.021 (0.9997) 
0.09 (0.995) 
0.031 (0.9992) 

log 4, c 

5.29 3.91 
-22.9 -24.3 

1.18 -0.20 
3.15 I.17 

FeSCN’+ 

d 0,) 

0.0003 (0.99999) 
0.00007 (1.0000) 
0.022 (0.91 I) 
0.0008 (0.9999) 

log 4, c 

2.62 - 0.47 
2.70 -0.39 
3.20 0.11 
2.95 0.14 

* Data of Table A3; for Eqs. (20) and (21), Q, = -3.054 

In Table 5, this equation with z = 1 and data 
taken at two values of 1 were used to extrapolate 
the logarithm of the protonation constant of am- 
monia to /= 0. Taking into account that the 
extrapolated values were obtained using only two 
points at very large ionic strengths, the differences 
from the literature value could be considered to 
be small. In the upper part of Table 6, the ionic 
product of water at I = 0. pK,,, , was calculated 
using only two points at increasing values of I. 
The predicted pK,,, value was always in the vicin- 
ity of the expected value, 14.00 [l 11, even when 
two very close points at high I values were used. 
In the lower part of the Table, several points 
located within two rather different I ranges were 
used. Both low and high I ranges also lead to 

I 1 I ' I 1 I 1 I 
0.0 1.0 2.0 3.0 

I 4.0 

Fig. 4. pK, data series of Table A2 for LiCl: curve predicted 
by Eq. (20) using only the data at I= 0.10 and 3.01 M (solid 
line), and curves calculated by the Pitzer (dashed line). SIT 
(dotted line) and DebyeeHlckel (dot-dashed line) algorithms 
using log K, and the ionic parameters given in Ref. [l4]. 

pK,,,, values close to 14.00. 

3.4. Injhience of a 

The results given above were further improved 
by optimising ~1. The correlation coefficient r, was 
used to steer the optimisation process. The opti- 
mum value of a can be obtained by any non-lin- 
ear optimization procedure; however, owing to 
the few data points used a simple direct search 
procedure was applied in this work. Thus, for the 
activity coefficient of proton at 10°C using Eq. 
(20) r improved from 0.89 to 0.997 when a in- 
creased from 1 to its optimum value which was 
2.47. Also pK, data of the LiCl and NaCl series 
at I= 0.5, 1.0 and 1.5 M were fitted using Eq. (20) 
with different values of c(. As shown in Fig. 5, I 
further approached one by optimising x. Opti- 
mum values of c( were found in the vicinity of 1.0 
and 1.3 for the LiCl and the NaCl series respec- 
tively. The absolute differences between extrapo- 
lated pK,,, values and 14.00 are also plotted in 

Table 5 
Literature log K, data and predicted log K,, values using Eq. 
(20) for the protonation of ammonia” 

Electrolyte log Kc (I) log Kc (0 log K, 6b 

LiCl 9.84 (4.53) 9.63 (2.82) 9.280 0.020 
KC1 9.87 (3.35) 9.60 (1.86) 9.263 0.003 
KBr 10.0 (4.20) 9.57 (1.85) 9.232 ~ 0.028 

a Log K, data taken from Ref. [2l] at the I values indicated 
between parentheses. 
b Deviation from log K,, value given in Ref. [21]; Eq. (20) used 
with Q, = 0. 



J.J. Bwru Barza. G. Ramis- Rows : Tulunftr 43 (1996) l579- 1587 1585 

Table 6 
Logarithm of the ionic product of water at I= 0. pK,,,,, 
obtained with Eq. (20) 

LiCl NaCl KC1 

14.008 (0.10-0.20) 14.005 (0.1 I-0.21) 14.007 (0.I1~0.21) 
13.997 (0.30-0.40) 14.015 (02~0.51) 14.020 (0.21~0.51) 
14.008 (0.50~1.01) 14.030 (0.51~1.01) 14.040 (05~~1.01) 
14.006 (1.51~2.01) 14.035 (1.01~2.01) 14.064 (1.01~2.01) 

14.002 (0.10~050) 14.014 (0.1 I-1.01) 14.019 (0.11~1.01) 
14.006 (1.01~3.01) 14.036 (0.51-3.01) 14.090 (1.01~3.01) 

* Points taken from Table A2 at the I ranges given between 
parentheses; upper part: only two points at increasing I values 
were used; lower part: the available four or five points within 
the indicated I range were used; Q, = - 1.018. 

the Figure. The minimum difference was pro- 
duced at the same values of c( that gave the best 
fittings. Analogous conclusions were obtained by 
modifying ‘Z in the evaluation of the protonation 
constant of ammonia to I = 0 (results not shown). 

Finally, we have compared the results obtained 
with Eqs. (8-11) and (l&21), using an optimum 
value of 2, with the results given by the equation 
of Datta and Grzybowsky [20] in which CI = 0. In 
all cases, Eqs. (8-l 1) and (18-21) gave better 
linearity and more accurate results. Further, when 
the parameter A or Q, was assumed to be known, 
i.e. taken from the literature, the Datta and Grzy- 
bowsky equation lead to much worse results. 

4. Conclusions 

It has been shown that the proposed series 
converges quickly, and that excellent fittings can 
be obtained using only one or two terms of the 
series. If experimental data at two or more values 
of I are available, the ionic parameters and the 
logarithms of the activity coefficients can be 
simultaneously evaluated by linear regression. 
Thus, the systematic errors associated with the use 
of previously known values of the ionic parame- 
ters are avoided, and iterative procedures are not 
required. 

Eqs. (10) and (20) gave the worst fittings; how- 
ever, they can be used to interpolate activity 
coefficients and equilibrium constants using 

points measured at only one and two different 
values of I respectively, whereas more experimen- 
tal points are required with the other equations. 
In the fittings, and provided that more experimen- 
tal data than those strictly required by the equa- 
tions are used, obtaining a correlation coefficient 
close to one means that the data are accurate and 
that they adequately follow the DebyeeHiickel 
extended equation. 

Finally, Eqs. (9), (ll), (19) and (21), which 
include the term N = 2 of the series, are not 
recommended for obtaining extrapolated values. 
In some circumstances, deviations can be larger 

0:o 0.4 0.8 1.2 1.6 2.0 
a 

0.16 

E 

I-r 

0:o 0.4 0.8 1.2 1.6 2.0 
a 

Fig. 5. Correlation coefficient as I-r (+) and i: = bKW,,, - 14.001 
(0) at increasing values of Y: pK,,,, values obtained with Eq. 
(20) using only three pK, values (I = OS. 1 .O and I.5 M) taken 
from Table A2 for LiCl (upper part) and NaCl (lower part). 
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Appendix 

Table Al 

Activity coefficient of proton at 25°C and several I values 

(from Ref. [4])” 

I 0.01 0.04 0.09 0.16 0.25 0.36 0.49 0.64 0.81 1.00 

;‘H 0.911 0.862 0.839 0.835 0.846 0.869 0.904 0.948 1.00 1.06 

d The data are recommended average v,alues calculated from data taken in a number of different ionic media using the follow(ing 

model: log ;s~ = - [0.5\/?/( I + 1.5,/j)] + Cf + DI’,‘. where C and D are constants. 

Table A2 

pK,, values at several I values and at 25°C in the presence 
of different electrolytes (from Ref. [18]) 

LiCl NaCl KC1 

I PK, I Pk;, I PK, 

0.10 13.770 0.1 I 13.783 0.1 I 13.789 

0.20 13.708 0.21 13.745 0.21 13.759 

0.30 13.676 0.51 13.71 I 0.51 13.738 
0.40 13.655 1.01 13.728 1.01 13.772 

0.50 13.638 2.01 13.843 I.51 13.827 

1.01 13.602 3.01 13.981 2.01 13.890 

1.51 13.598 3.01 14.023 
2.01 13.613 3.5 I 14.082 

2.51 13.641 
3.01 13.672 

Table A3 

Logarithms of the stability constants of the complexes 

FeCI’- (in HCIO, at 25°C) and FeSCN’+ (in KNO,, tem- 

perature not given) at several I values (from Ref. [21]) 

FeCl’+ FeSCN” 

I h 4 I log K 

0 1.38~’ 0 3.09” 

2 0.53 0.4 2.1 I 

3 0.76 0.5 2.08 
4 1.10 I.0 2.00 

5 1.50 1.5 1.97 

7 2.46 2.0 1.96 
8 3.13 

’ Log K(, (taken also from Ref. [2IJ), 

than expected owing to the presence of maxima 
and minima in the regression function. To evalu- 
ate extrapolated log ;’ and log K values, Eqs. (10) 
and (20) respectively, are recommended. System- 
atic errors will be reduced by using experimental 
data as close as possible to the predicted value. 
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Abstract 

A direct spectrophotometric procedure for the determination of theophylline in plasma is proposed. This procedure 
is based on the apparent content curves method and it is not necessary to know the nature and contents of interferent 
substances. Bias errors introduced by plasma and metabolites are avoided. The results obtained are in agreement with 
those provided by an immunofluoroassay used as a reference method. 

Keywords: Apparent content curves method; Plasma: Spectrophotometry: Theophylline 

1. Introduction 

Theophylline is a bronchodilator drug generally 
used in the treatment of bronchial asthma and 
neonatal apnea. For this purpose, plasma levels of 
theophylline of lo-20 pg ml ~ ’ must be obtained 
because higher values produce undesirable sec- 
ondary effects and lower values do not induce 
therapeutic effects. Also, differences in the individ- 
ual elimination of theophylline make it necessary 
to monitor the plasma levels of patients treated 
with theophylline. 

To determine theophylline in plasma, several 
methods have been proposed [l-3], most of them 

* Corresponding author. 

being based on techniques such as UV-visible 
spectrophotometry [4&9], chromatography [2,10- 
14] or immunological tests [15- 191. Spectrophoto- 
metric methods are widely used but absorption 
measurements have low selectivity and therefore 
the proposed procedures include experimental 
steps designed to minimize the influence of the 
different constituents of the plasma. 

In this paper, we propose the application of a 
mathematical model that permits the determina- 
tion of an analyte in the presence of unknown 
interferences. This method is based on the appar- 
ent content curves approach [20-221 and it has 
been satisfactorily applied to the spectrophoto- 
metric determination of theophylline in pharma- 
ceuticals [23]. 

0039-9140/96/Sl5.00 CC= 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01902-9 
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For application of this method, only the ab- 
sorbance values of the sample at three wave- 
lengths and the response coefficients of the analyte 
at the same wavelengths are needed. Additivity is 
also assumed. 

2. Theoretical 

Apparent content curves can be obtained, as 
described in previous papers [20&22], by plotting 
F, values versus /i,, F, being calculated as 

Fi= 3 [ 1 cLA I 

where S, is the analytical signal of a multicompo- 
nent sample at wavelength i and gA is the re- 
sponse coefficient of the analyte at the same 
wavelength. 

Considering that 

c(* and GIN being the response coefficients of the 
analyte (A) and each of the interferents (K) and 
C, and C, their corresponding contents, the ex- 
pression for F, becomes 

= C,+AC, 

Hence, in the absence of interferent substances, 
the curves are straight lines with zero slopes and 
y-intercepts equal to CA. However, the presence 
of interferences leads to different shapes for these 
curves, depending of the nature and contents of 
the interferences. 

In this way, the apparent content curves show 
the presence of interferences, and further, they 
indicate the maximum contents of analyte possi- 
ble (minimum of the curve in each case). In 
addition, the apparent content curves constitute 
the basis of an analytical procedure that, after 
identifying the total interferent present, called 
“apparent interferent”, allows the determination 
of an analyte without the need for standard solu- 

tions of real interferences in the sample and with- 
out the need to resort to any separation method. 

For the identification of the total interferent, a 
computational program is used. The program 
looks for three signals that represent, at three 
established wavelengths, the spectrophotometric 
behaviour of the interferent present [22]. For this, 
the signals must obey a series of fixed conditions 
that imply 

WI W2 W3 
Kc01 G 11 = [(a), G 12 = I(x), G 13 
W,, W,, W, being the signals found and ai and C, 
the unknown response coefficients at the three 
working wavelengths and the concentration of the 
interferent respectively. 

Once the “nature” of the interferent present has 
been established, determination of the analyte is 
carried out by the program [20&22] using F values 
for the sample and FP values for the total interfer- 
ent, defined as: 

Taking these values into account, CA can be 
calculated from the expression 

C,4=F,-FP, 
(FTI:, j 

where (F, - F2 )/(FP, - FP2 ) is a correction factor 
(theoretical dilution of the signals found) that 
allows an interferent effect of suitable value to be 
obtained. 

3. Experimental 

3.1. Appuratus and reagents 

A Perkin-Elmer Lambda 16 UV spectrophoto- 
meter was used. 

The solvents propan-2-01 and dichloromethane 
were obtained from Panreac. An H,PO,- - 
HPOd2 ~ HPO,’ - of pH 7.4 was prepared. Stock 
solutions of theophylline, 1,3-dimethyluric acid, 
3-methylxanthine, caffeine and 1,7-dimethylxan- 
thine (Sigma) in suitable solvents were used to 
develop the experimental procedure. 
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3.2. General poceduure 

For the determination of theophylline in 
plasma two solutions are prepared. For the first, 
to 0.5 ml of plasma add 0.25 ml of (NH,)$O, 

290 nm 

b 

290 nm 

250 270 290 nm 

Table I 
Calibration curves for theophylline in the presence of metabo- 
lites 

Metabolite y-Intercept Slope 

None -0.003 +o.ot 0.0457~0.0007 
I .3-Dimethyluric acid 0.02~0.01 0.0437~0.0006 
3-Methylxanthine 0.02*0.02 0.044~0.001 
I-Methyluric acid 0.003+0.004 0.0447f0.0003 
Caffeine 0.185 & 0.006 0.0459~0.0004 
I .7-Dimethylxanthine 0.368+0.003 0.043 +0.002 

(saturated solution), distilled water to 1 ml and 
2.5 ml of dichloro-methane-propan-2-01 (19:1), 
shake the mixture for 5 min and centrifuge at 
1000 rpm. For the second solution, proceed in the 
same way but use a standard solution of 
theophylline instead of distilled water. 

Absorbance values at 264, 268 and 272 nm of 
the organic layers of both solutions are obtained 
using dichloromethane-propan-2-01 (19:l) as a 
blank. From these values, calibration graphs for 
standard additions at the three working wave- 
lengths are estimated and F, values are obtained 
as the ratio of y-intercept to slope in each case. 
Once the F, values and the response coefficients 
(slopes of the calibration graphs) have been ob- 
tained, the program calculates the content of 
theophylline in the sample. 

4.1. Sturi~~ 0J’ the extraction procedure 

270 290 nm Extraction of theophylline was carried out with 
dichloromethaneepropan-2-01 (19:1) [2]. In this 
medium, the absorption spectra of theophylline 

e 

290 nm 

Fig. I. Absorption spectra in dichloromethaneepropan-2-01 of 
theophylline and its metabolites: (I ) IO ppm of theophylline; 
(2) IO ppm of (a) l.3-dimethyluric acid. (b) 3-methylxanthine. 
(c) I-methyluric acid, (d) caffeine and (e) l,7-dimethylxanthine. 

showed a broad band with a maximum at 274 nm 
(Fig. 1). The responses were linear over the dy- 
namic range of concentration studied (2- 10 ppm), 
the equation of the straight line obtained being 
A = 0.0004 + 0.544c (r = 0.9994). 

After extraction of theophylline from an 
aqueous solution, the spectra obtained were iden- 
tical, the recoveries obtained being 94.5% and 
85.2% for ratios of volume of aqueous layer to 
organic layer of 2:10 and 2:5, respectively. 
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In the presence of plasma and using a ratio of 
volumes of 2:5, a calibration graph for 
theophylline was obtained with the equation A = 
0.089 + 0.0337C (Y = 0.998) whereas in the ab- 

I’ 
260 270 280 290 

nm 

2 

260 zm 280 290 
nm 

7 

I I 
260 270 28ll 290 

nm 

Fig. 2. Apparent content curves for three different synthetic 
samples containing real plasma and various concentrations of 
theophylline and metabolites. Compositions of samples are 
given in Table 2. (1) Sample 1; (2) sample 2; (3) sample 3. 

%lurrtu 33 (1996) 1589- 1594 

Table ? 
Theoretical and experimental contents of theophylline ob- 
tained by applying the proposed procedure and reference 
method 

Sample Composition Theophylline content 

mm) 

Proposed Reference 
method method 

I 5 ppm theophylline 
IO ppm 1.3.dimethyluric acid 
5 ppm 3-methylxanthine 5.4 * 0.7 5.6 
5 ppm I-methyluric acid 
5 ppm calfeine 
3 ppm l,7-dimethylxanthine 

2 IS ppm theophylline 
20 ppm l.3-dimethyluric acid 
IO ppm 3-methylxanthine 14.9 f 0.7 15.4 
3 ppm 1-methyluric acid 
2 ppm caffeine 
5 ppm 1,7-dimethylxanthine 

3 35 ppm theophylline 
8 ppm 1.3-dimethyluric acid 
4 ppm 3-methylxanthine 25.3 + 0.7 24.9 
4 ppm I-methyluric acid 
3 ppm caffeine 
2 ppm 1.7-dimethylxanthine 

sence of plasma the equation found was 
A = - 0.003 + 0.0457C (r = 0.9997). Therefore, a 
constant error @-intercept # 0) and a propor- 
tional error (different slopes) are introduced by 
the constituents of plasma. 

Finally, the potential interference introduced by 
the principal metabolites of theophylline was 
studied. As can be seen in Fig. 1, the spectropho- 
tometric behaviours of substances such as 1,3- 
dimethyluric acid, 3-methylxanthine, 1-methyluric 
acid, caffeine and 1,7-dimethyxanthine are similar 
to that of theophylline and so they constitute 
potential interferences. 

The influence of such substances on the absorp- 
tion spectra of the extracts was studied in the 
following way. A series of solutions containing 
various concentrations of theophylline and a fixed 
concentration of one of the interferents tested was 
prepared. These solutions were extracted and the 
absorption spectra of the extracts were obtained. 
The responses at 274 nm were plotted against 
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theophylline content and the equations of the 
straight lines and standard deviation values ob- 
tained are given in Table 1. 

From these values, it can be concluded that the 
differences between the y-intercepts obtained are 
statistically significant and so a constant error for 
a probability level of 95% can be confirmed. 
However, the differences between the slopes ob- 
tained are not significant and so proportional 
error cannot be deduced. 

In conclusion, the determination of theophyll- 
ine in extracts of plasma must be carried out using 
experimental procedures that avoid or minimize 
proportional errors introduced by plasma and, 
therefore, constant errors introduced by plasma 
and metabolites. 

4.2. Determination of theoph~~llinr 

To verify the proposed procedure experimen- 
tally, three synthetic samples were prepared as 
follows. To 45 ml of plasma, various amounts of 
theophylline and metabolites ( 1,3-dimethyluric 
acid, 3-methylxanthine, 1-methyluric acid, caffeine 
and 1,7-dimethylxanthine) were added to give a 
total volume of 50 ml. Each sample was analysed 
in triplicate using the general procedure described 
above. 

Apparent content curves for the organic layers 
corresponding to each sample are shown in Fig. 2. 
As can be seen, in all cases the lower values are 
clearly above the theoretical contents given in 
Table 2. The results obtained by application of 
proposed procedure agree with those provided by 
an immunological test used as a reference method 
(Table 2). 

Table 3 
Experimental contents of theophylline obtained by applying 
the proposed procedure and the reference method samples 
from patients 

Sample Theophylline content (ppm) 

Proposed method Reference method 

1 10.0 10.4 
2 15.0 15.9 

Finally, the proposed procedure was applied to 
samples from patients treated with theophylline. 
As can be seen (Table 3), the results obtained 
agree with those provided by the reference 
method. 

5. Conclusions 

The determination of theophylline in plasma 
can be carried out using the apparent content 
curves method. The proposed procedure is simple, 
and constant and proportional bias errors intro- 
duced by other constituents of the matrix plasma 
are avoided. 
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Abstract 

Optimisation of the electrodeposition of Prussian Blue onto mirrored glassy carbon electrodes yielded a modified 
electrode practically insensitive to oxygen reduction. At the same time the electrode activity towards hydrogen 
peroxide reduction was extremely high. This allowed the detection of hydrogen peroxide by electroreduction over a 
wide potential range. Flow-injection investigations of this electrode inserted into a flowthrough electrochemical cell of 
the confined wall-jet type showed that the response for hydrogen peroxide is limited by diffusion. Glucose and alcohol 
biosensors were made by immobilisation of glucose oxidase and alcohol oxidase respectively, within a Nafion layer, 
onto the top of the Prussian-Blue-modified electrodes. By increasing the density of Nafion and decreasing the 
measuring potential the glucose biosensor was made completely insensitive to both ascorbate and acetominophes. 

Keywiovds: Alcohol oxidase; Amperometric biosensor; Flow injection; Glucose oxidase; Prussian Blue 

1. Introduction 

Accurate, rapid, and automatic analysis is re- 
quired nowadays for clinical and industrial labo- 
ratories. Flow-injection analysis (FIA) with an 
enzyme electrode as the sensing element in the 
detector seems to accomplish this function. Oper- 
ation of amperometric biosensors requires a con 
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Lomonosov Moscow State University, 119899 Moscow, Rus- 
sia. 

jugation between the enzyme and electrochemical 
reactions. First generation biosensors are based 
on direct electrochemical detection of either the 
substrate or the product of the enzyme reaction. 
In the case of hydrogen-peroxide-producing oxi- 
dases the substrate and product refer to molecular 
oxygen and hydrogen peroxide respectively. Am- 
perometric detection of these substances is usually 
done at platinum or platinised electrodes [l]. Elec- 
trochemical detection of hydrogen peroxide in the 
presence of oxygen is usually accomplished by its 
oxidation at anodic potentials (> +0.6 V, Ag/ 
AgCl). However, all biological fluids contain a 
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series of various reductants, e.g. ascorbate, biliru- 
bin, etc., which are easily co-oxidised at similar 
potentials, producing an additional current re- 
sponse, and this makes quantitation of the hydro- 
gen peroxide produced and hence the enzyme 
substrate concentration impossible. A lot of effort 
has therefore been made to drastically decrease 
the necessary applied potential for following oxi- 
dase-based reactions. One way is to exchange the 
enzyme’s natural reoxidation reagent (molecular 
oxygen) for an artificial electron acceptor [2,3]. 
Another is to decrease the overpotential for elec- 
trochemical conversion of hydrogen peroxide. 
Covering carbon electrodes with a layer of finely 
dispersed noble metals has proven highly catalyti- 
cally efficient for both electrochemical oxidation 
and reduction of hydrogen peroxide [4]. However: 
the selectivity for hydrogen peroxide varies greatly 
with the metal chosen and the type of deposition 
[5]. Enzyme electrodes for detection of hydrogen 
peroxide could also be made by immobilisation of 
peroxidase at carbon electrodes either using a 
mediator or in a mediatorless approach [4,6,7]. In 
spite of the high enzyme activity towards hydro- 
gen peroxide reduction the enzyme electrodes, at 
least in the mediatorless approach, are only sel- 
dom reported to have similar current densities as 
the electrodes based on noble metals [8]. The main 
reason for this is that not all of the immobilised 
peroxidase molecules are in direct electron trans- 
fer contact with the electrode [8]. 

Two of the current authors [9,10] and others 
[I l] have previously reported that highly sensitive 
first generation amperometric-oxidase-based bio- 
sensors can be developed on the basis of Prussian- 
Blue-modified electrodes. One of the advantages 
of the first generation biosensors is that the oxi- 
dase can use its own “natural” reoxidation 
reagent, i.e. molecular oxygen. An absence of 
artificial mediators avoids the problem of compe- 
tition between different electron acceptors. Prus- 
sian Blue was found to be a better electrocatalyst 
of hydrogen peroxide reduction than specially 
pretreated platinum and hydrogen peroxide could 
be selectively detected at the Prussian-Blue- 
modified electrode in the presence of molecular 
oxygen by both electrooxidation and electroreduc- 
tion, even though at potentials below 100 mV a 

slight electrocatalytic effect was also noticed for 
the reduction of oxygen [9,10]. This also made 
possible detection of hydrogen peroxide within 
“the optima1 potential range for enzyme based 
amperometric biosensors” i.e. between approxi- 
mately -200 and + 150 mV (Ag/AgCl, pH 7) 
[4,7]. Prussian Blue is also a comparatively cheap 
and stable electrocatalyst compared with an en- 
zyme (peroxidase), making it an attractive mate- 
rial for possible mass production of the base 
electrode material for biosensors. 

A glucose amperometric biosensor can be con- 
structed through immobilisation of glucose oxi- 
dase in a layer of Nafion cast directly onto the 
Prussian-Blue-modified electrode [4,7]. The use of 
an unconventional medium (Nafion, a perfluori- 
nated polyelectrolyte) for the immobilisation of 
the enzyme resulted in a prolonged stability of the 
enzyme in this matrix. Moreover, the selectivity of 
the enzyme electrode was increased because the 
Nafion membrane also served as a barrier for 
negatively charged possible interfering com- 
pounds (e.g. ascorbate [ 12,131, paracetamol [ 141 
etc.). The response of this biosensor exhibited a 
linear dependence on the analyte concentration in 
the range between 1 x 1OW” and 5 x lop3 M glu- 
cose. The cathodic current density after addition 
of 1 x lo-” M glucose was equal to 0.18 ,LLA 
cm ’ [lo]. 

The use of a further optimised method for the 
depostion of Prussian Blue on glassy carbon elec- 
trodes to obtain an improved selectivity for hy- 
drogen peroxide reduction with regard to 
simultaneous reduction of oxygen is reported 
here. The electrodes were also used in biosensor 
configurations covered with membranes of high 
Nafion content and with immobilised glucose oxi- 
dase or the less stable alcohol oxidase. The appli- 
cability of these electrodes in the flow-injection 
mode is shown. 

2. Experimental 

2.1. Materials 

All inorganic salts and glucose were obtained at 
the highest purity. Absolute ethanol was prepared 
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by distillation of sodium alcoholate and used 
immediately. Nafion (5% solution in 90% low 
chain aliphatic alcohols) was obtained from 
Aldrich (Steinheim, Germany). Glucose oxidase 
(EC 1.1.3.4) from Asperigillus niger (VII-S, 180 
IU mgg’) was produced by Sigma (St. Louis, 
MO). Alcohol oxidase (EC 1.1.3.13) from 
Hunsenulu sp. (Sigma) had an initial activity of 30 
IU mgg’. 

2.2. Deposition qf Prussiun Blur 

Glassy carbon disk electrodes (1.5 mm diame- 
ter) were used as working electrodes. Prior to use. 
the glassy carbon electrodes were mechanically 
polished with aluminium powder (A&O,, 1 pm) 
until a mirror finish was observed. A three-com- 
partment electrochemical cell containing a plat- 
inum net auxiliary electrode and an Ag/AgCl 
reference electrode in 1 M KC1 was used for the 
deposition of Prussian Blue. The three electrodes 
were connected to an electrochemical analyser 
(bioanalytical Systems, West Lafayette, IN, model 
BAS-100W). The cell construction allowed deaer- 
ation of the working electrode space. Electrodepo- 
sition of Prussian Blue at the surface of the 
polished glassy carbon electrodes was done by 
immersing the electrode in a deaerated solution 
containing 1M KC1 and 3mM HCl initially and 
also containing 1 mM K,[Fe(CN),] and 1mM 
FeCl, and applying a constant potential of 0.4 V 
for 30 or 100 s. After deposition the Prussian Blue 
films were activated in 0.1 M KC1 by cycling the 
applied potential in a range between -0.05 and 
0.35 V at a sweep rate of 50 mV s- ‘. The total 
coverage of Prussian Blue at the electrode surface 
was between 2-3 and 4-5 nmol cmp2 after 30 s 
and 100 s of deposition respectively, if a transfer 
of four electrons per unit cell is assumed [15]. 

2.3. Prepurution of erq~me mrmbrunes 

Enzyme-containing Nafion membranes were 
prepared according to our recently reported 
method from enzyme suspensions in 90% ethanol 
and 10% water [16]. To this aim the lyophilised 
enzyme samples were dissolved in water to a final 
concentration for alcohol oxidase of 80 mg ml-’ 

and for glucose oxidase of 40 mg ml-‘. It was 
shown that such concentrations caused no enzyme 
inactivation. Finally, the enzyme suspension was 
made by addition of ethanol or a water-ethanol 
mixture to the enzyme solution. An “enzyme- 
polyelectrolyte complex” was made by mixing the 
enzyme suspension with the Nafion solution. En- 
zyme-containing Nafion membranes were pre- 
pared by syringing 10 ~1 of the enzymeepoly- 
electrolyte complex to the surface of the Prussian- 
Blue-modified electrode and allowing the solvent 
to evaporate at room temperature. After deposi- 
tion the enzymeeNafion membranes were thor- 
oughly washed with water. When not in use the 
electrode was stored dry in a refrigerator at 4°C. 

Three different types of glucose electrodes were 
made using a slight variation in the immobilisa- 
tion of glucose oxidase. Type I refers to the 
sensing electrode with a simple membrane made 
from the enzyme-polyelectrolyte complex with a 
Nafion content of 0.25%. The type II electrode 
was made in a similar way, but by first syringing 
5 ~1 of glucose oxidase suspension in ethanol onto 
the electrode surface prior to deposition of the 
same enzyme-polyelectrolyte complex as above. 
To prepare the type III electrode the same proce- 
dure as for type I was followed except that a 
more concentrated (0.5%) Nafion solution was 
used to prepare the enzymeepolyelectrolyte com- 
plex. The total amount of immobilised glucose 
oxidase was almost equal for electrodes of types I 
and III. Alcohol oxidase was immobilised on the 
top of a Prussian Blue layer from an enzyme- 
polyelectrolyte complex with a Nafion content of 
1%. 

2.4. Flolc-injection set-lrp 

The flow-injection system consisted of a peri- 
staltic pump (Gilson, Villier-le-bel, France, model 
Minipuls 2), A pneumatically-operated valve 
(Cheminert, Valco Instruments, Houston, TX, 
type SVA) equipped with a 50 ~1 injection loop, 
and a flowthrough amperometric cell of the 
confined wall-jet type [ 171 under three-electrode 
potentiostat control (Zlta Electronic, Lund, Swe- 
den). The output of the potentiostat was con- 
nected to a strip chart recorder (Kipp & Zonen, 



1600 A.A. Kuryakin et al. / Talanta 43 (1996) 1597-1606 

Delft, The Netherlands). The inlet section of the cell 
contained the Ag/AgCl reference electrode in a 
circular chamber filled with 0.1 M KC1 from 
an external syringe. This chamber contacted the 
working electrode space by means of four holes 
(0.3 mm i.d.) concentrically surrounding the inlet 
(0.5 mm i.d.). The auxiliary electrode was a plat- 
inum wire encircling the outlet chamber. Glassy 
carbon disk electrodes (as above) were used as 
working electrodes. The distance between the 
nozzle and the working electrode was about 2 mm. 
The flow rates used were between 0.7 and 0.8 ml 
min’. A dispersion coeficient of about 1.5 was 
reached by injection of 50 ~1 of the sample. All 
connections in the system were made with Teflon 
tubing (0.5 mm i.d.). Before use all solutions were 
degassed to prevent microbubbles appearing in the 
system. 

3. Results and discussion 

3.1. Optimisation of Prussian Blue deposition 

As already mentioned, Prussian Blue has been 
found to be a very efficient catalyst of hydrogen 
peroxide electroreduction [9, lo]. However, accord- 
ing to the procedure followed in Refs. [9, lo] it was 
also shown to be active for electroreduction of 
oxygen at potentials more negative than 100 mV. 
Hence there was a limited potential range where 
one can use Prussian-Blue-modified electrodes for 
the determination of hydrogen peroxide in the 
presence of oxygen. 

The development of oxidase-based biosensors 
requires the electrocatalyst to be practically insen- 
sitive to oxygen and to operate at potentials from 
- 100 mV to 100 mV (Ag/AgCl/l M KCl). In the 
given potential range there is also only a minor 
influence of reductants on the biosensor response. 
It was therefore concluded to reconsider the op- 
timisation of the deposition of Prussian Blue to 
obtain a catalyst even more selective for hydrogen 
peroxide. 

As indicated in Ref. [ 151 the activity of Prussian- 
Blue-modified electrodes for the electroreduction of 
molecular oxygen is dependent on the conditions in 
which they are prepared. Thus it seemed as though 

the selectivity of the catalyst layer could be con- 
trolled by the procedure of its deposition. Indeed, 
if molecular oxygen was not electrocatalytically 
reduced at the modified electrode, one could find 
a potential region where ascorbate, paracetamol, 
etc. were not oxidised and thus the response would 
be only to hydrogen peroxide. 

Here, in contrast to the previous procedure 
[9,10], the electrodeposition of Prussian Blue was 
performed at a constant potential, where only ferric 
chloride was reduced. Furthermore, the initial 
concentrations of K,[Fe(CN),], KCl, HCI, and 
Fe3+ have been changed and FeCl, was used 
instead of Fe( No,), . Through thorough optimisa- 
tion of both the potential and the time of deposition 
polycrystal films were obtained with an extremely 
high redox activity. Fig. 1 presents a cyclic voltam- 
mogram of a Prussian-Blue-modified electrode reg- 
istered in 0.1 M KCl. As seen in the case of a thin 
film (2 nmol cmp2) the peak separation at a sweep 
rate of 20 mV s- ’ was lower than 15 mV, in- 
dicating an almost electrochemically-reversible 
behaviour [ 181. 

Fig. 2 illustrates the steady-state voltammograms 
of hydrogen peroxide and molecular oxygen reduc- 
tion at the resulting electrode. To stabilise the thin 
layer of the electrocatalyst, the modified electrode 
was covered with 1% Nafion by dip-coating. The 
solid electrolyte was found to affect neither the 
redox nor the electrocatalytic properties of the 
deposited Prussian Blue (data not shown). In Fig. 

Fig. 1. Cyclic voltammogram of Prussian-Blue-modified elec- 
trode (coverage: 2 nmol cm--‘) registered in 0.1 M KC1 at a 
sweep rate of 20 mV s-‘. 
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Fig. 2. Steady-state voltammograms of reduction of oxygen 
from air-saturated solution (3) and 0.2 mM hydrogen perox- 
ide (3) at (lo/) Nafion-covered Prussian-Blue-modified elec- 
trode (2 nmol cm-2) registered in 0.1 M KCI, with stirring. 

2 it is seen that the current of oxygen reduction 
over the entire potential range was negligible and 
was even lower than that of O2 reduction at a 
bare glassy carbon electrode (data not shown). In 
contrast, the modified electrode was still ex- 
tremely active for hydrogen peroxide electrore- 
duction. The half wave potential of H,O, 
reduction (Fig. 2) coincided with the formal po- 
tential of Prussian Blue found from the cyclic 
voltammograms, evaluated as the mean of the 
anodic and cathodic peak potentials [18] (Fig. l), 
indicating a very fast reaction between hydrogen 
peroxide and the catalyst. 

One of the most useful tools for hydrodynamic 
voltammetric studies is the wall-jet electrode, 
where a jet of solution issued from a circular 
nozzle is allowed to impinge normally on a work- 
ing disk electrode. A counter electrode is set at an 
appropriate position remote from the wall jet. The 
equation for the limiting diffusion controlled cur- 
rent, Id, at the wall-jet electrode was evaluated in 
Ref. [19]: 

where C, and D are the concentration and diffu- 
sion coefficient of the depolariser respectively, v is 
the kinematic viscosity, V is the volume flow rate 
of the solution, a is the diameter of the nozzle and 

R is the electrode radius. From the point of view 
of analytical chemistry it is essential that the 
limiting current is proportional to the concentra- 
tion of the electroactive species. 

It is interesting to compare the wall-jet elec- 
trode with the most common electrochemical hy- 
drodynamic tool, the rotating disk electrode, as 
the limiting current depends on the diffusion co- 
efficient of the depolariser similarly for both sys- 
tems [18]. For a disk electrode with a diameter of 
3 mm (i.e. a larger one than used in this report) 
inserted in the current wall-jet system (having an 
outlet nozzle of 0.5 mm id. and a flow rate of 1 
ml min ~ ‘), the registered limiting diffusion-con- 
trolled current would be of the same order as that 
obtained for a corresponding rotating electrode at 
a rotation velocity of 240 rev min’. The kine- 
matic viscosity is assumed to be equal to 0.01 cm2 
SK’ [18]. For wall-jet electrodes with a diameter 
less than 3 mm (as is the case in this paper) the 
dependence of the limiting current on the elec- 
trode radius is different from that predicted by the 
given equation. However, from the data presented 
in Ref. [18] it was possible to estimate the current 
that is expected for the 1.5 mm i.d. disk electrode 
used in this study with the present set-up (flow 
rate of 1 ml mini and with the 0.5 mm nozzle) 
and to conclude that it would correspond to a 
rotating electrode with a speed of between 900 
and 1000 rev min- ‘. Considering the thickness of 
the diffusion layer [18,20] instead of the limiting 
current, similar correlations could be obtained. 

One of the main advantages of the flow-injec- 
tion technique as an analytical tool is the possibil- 
ity of using small sample volumes. Indeed a 50 ,~l 
sample is sufficient to reach a value of dispersion 
of 1.5 [21]. This means that the peak height 
reaches between 60 and 70% of the steady-state 
current response obtained through a continuous 
flow of the analyte. 

Uncovered Prussian-Blue-modified electrodes 
were applied to the flow-injection technique as 
sensors for hydrogen peroxide. The thicker film 
(4.5 nmol cmp2 obtained after 100 s of deposi- 
tion) showed the most stable response. Calibra- 
tion curves for determination of hydrogen 
peroxide with this electrode showed a linear de- 
pendence of the peak current on hydrogen per- 
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oxide concentration in the range between 1pM 
and 0.2 mM. At millimolar and higher concentra- 
tions of hydrogen peroxide a slow inactivation of 
the electrocatalyst was noticed. The linear depen- 
dence of the current response on analyte concen- 
tration, together with the arguments above, 
indicate that under the present conditions the 
sensor response is very fast and should be virtu- 
ally limited by diffusion of hydrogen peroxide. 
Replotting the calibration curve in logarithmic 
coordinates resulted in a straight line with a slope 
equal to 1 .O, indicating the same limiting step over 
the entire range. Since the diffusion layer in the 
wall-jet system is thin, the activity of the electro- 
catalyst for the hydrogen peroxide reduction was 
extremely high. This conclusion supports the use 
of the optimised Prussian-Blue-modified elec- 
trodes for construction of corresponding biosen- 
sors to be used in the flow-injection mode where 
there is a need for a fast responding sensor and 
where the detection of the enzyme product should 
not be the limiting step. 

10 

0 
200 400 600 

time, s 

Fig. 3. Typical response of the flow- injection glucose analysis 
obtained for an electrode of type III: carrier, 0.02 M phos- 
phate buffer, pH 5.5 with 0.1 M KCI (flow rate 0.7 ml min ‘): 
applied potential, 0 mV (Ag/AgCl/O.I M KCI). 

3.2. FloMs-injection glucose analysis 

Glucose oxidase was immobilised on the sur- 
face of the Prussian-Blue-modified electrode in a 
Nafion layer as described in Section 2. We have 
recently reported [I 61 on the beneficial properties 
of the sensor when the enzyme is immobilised in 
Nafion using a high concentration of ethanol: the 
remaining initial activity of the enzyme, an in- 
creased long-term stability, and increased repro- 
ducibility between similarly-prepared electrodes. 
The concentration of Nafion in the enzyme- 
polyelectrolyte complex was varied so that for 
types I and II it was 0.25% and for type III 0.5%. 
The calibration curves were recorded indepen- 
dently at two potentials: 0 mV and -50 mV 
(Ag:‘AgCl/O. 1 M KCl). 

obtained in the FI system for electrodes of types I 
and III are shown in Fig. 5. There is a certain 
concentration range where the dependence of the 
response on glucose concentration gives a straight 
line in logarithmic coordinates, with a slope of 
unity. However, the injection of samples with a 
low analyte concentration gave well recognisable 
responses for type III electrodes and, to some 
extent, also for type I electrodes (see Fig. 4), 
independent of the glucose content. At the same 
time the injection of free buffer solution caused no 
response from the system. No real explanation for 
this behaviour can be given at this time but it may 
be caused by a local change in pH at the elec- 
trode-polyelectrolyte interface. 

Typical FI peaks registered for the response of 
an electrode of type III to glucose injections are 
shown in Fig. 3. A stable response with suffi- 
ciently high reproducibility was observed after 
continuous injections (RSD < 0.5%, n = 5, glucose 
concentration 0.5 mM). It is seen that the time for 
one analysis was 30-40 s, depending on the glu- 
case concentration. Calibration curves for glucose 

0.011 - 
0.001 0.01 0.1 1 10 

[Glucose], mM 

M KCI (flow rate 0.7 ml min-‘). 

Fig. 4. Calibration curves for glucose in the flow-injection 
system: (0). electrode type I; (a), electrode type III; applied 
potentials were 0 mV and -50 mV (Ag/AgCl/O.l M KCI) 
respectively: carrier, 0.02 M phosphate buffer, pH 5.5 with 0.1 
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Fig. 5. Calibration curves for methanol (1-1) and ethanol (n) 
in the Row-injection system: applied potential, 0 mV (Ag: 
AgCI/O.I M KU); carrier, 0.02 M phosphate buffer, pH 7.5 
with 0.1 M KCI (flow rate 0.8 ml min-‘). 

Table 1 summarises some properties of the 
three types of glucose sensors studied in the Aow- 
injection system. It is seen that an increase in both 
membrane density (type III) and the amount of 
immobilised enzyme (type II) caused a shift in the 
detection limit to higher glucose concentrations. 
However, it should be pointed out that the detec- 
tion limits for types II and III were taken as the 
lowest analyte concentration, where the response 
started to become dependent on the glucose con- 
tent. Comparing the two calibration curves in Fig. 
4, it is seen that the response of type III electrodes 
was higher than that of type I even though the 
linear range is more restricted for both low ( < 10 
,uM) and high concentrations (>2 mM). 

One of the most important problems to solve 
for any practical application of amperometric 
biosensors is to minimise the effect of interfering 
substances possibly present in a real sample. For 
oxidase-based systems reductants are the most 
severe interferences and among these ascorbate 
[12,13] and acetaminophen [14] are two of the 
most powerful ones, having upper concentration 
limits in biological liquids of 0.1 and 0.2 mM 
respectively. 

The interferences of ascorbate and acetam- 
inophen were tested in the flow-injection system 
with the Prussian-Blue-based biosensor as the 
electrochemical detector. Since the response to 
glucose was a cathodic current, the influence of 
the reductants resulted in a decrease in the re- 
sponse to glucose. Table 1 summarises the influ- 

ence of these reductants in their limiting 
concentrations on the glucose response of the 
different types of enzyme electrodes. For each 
sensor the corresponding concentration of glucose 
is shown, which will be completely masked by the 
presence of the respective reductant. 

The comparative influence of acetaminophen 
was found to be low. A signficant effect was 
observed only in the case of electrodes of type I at 
a measuring potential of 0 mV (Ag/AgCl/O.l M 
KCl). In all other cases the concentration of the 
analyte that could be masked by this interference 
was lower than its detection limit. Ascorbate was 
found to be a more powerful interfering com- 
pound. For the type I electrode the anodic re- 
sponse to 0.1 mM ascorbic acid was equal to the 
cathodic response to 0.5 mM glucose at 0 mV. 
However, when the measuring potential was 
shifted to - 50 mV the response to 0.1 mM 
ascorbate was decreased by a factor of 10. Even 
the type I electrode is possibly suitable for analyt- 
ical applications for the detection of glucose, for 
example in a complex matrix. 

Nafion membranes have already been used to 
decrease the ascorbate interference [ 12,131. Thus a 
further improvement in the biosensor properties 
can be made either by increasing the density of 
the Nafion layer or by increasing the content of 
the immobilised enzyme. The aim of the latter 
approach is to improve the response towards the 
analyte. The influence of the interferant will obvi- 
ously be decreased because the response to ascor- 
bate is independent of the activity of glucose 
oxidase. Indeed it is seen in Table 1 that enzyme 
electrodes of types II and III are less dependent 
on the presence of ascorbate. The type III biosen- 
sor operating at a measuring potential of -50 
mV was completely independent of ascorbate. The 
masking effect after addition of 0.1 mM ascorbic 
acid was at the level of the detection limit for 
glucose at this electrode. 

3.3. Flolv-injection rthunol analysis 

Alcohol oxidase is known to exhibit a low 
operation stability [22], the reason being that it is 
inactivated by hydrogen peroxide, which is the 
product of the enzyme-catalysed reaction. In spite 
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Table 1 
Flow-injection analysis of glucose 

Parameter Electrode type 

I II III 

Measuring potential (mV) Measuring potential (mV) Measuring potential (mV) 

0 - 50 0 - 50 0 - 50 

Detection limit (M) 2 x 1ov 2 x IO-6 5 x 10W6 5 x 1OW 1 x lo-5 1 x 10-5 
Response to 0.1 mM glucose 1.3 1.3 2.5 2.5 2.1 2.2 

(JLA cm-‘) 
Response to 0.5 mM glucose 5.1 5.8 10 10 11.5 11.7 

@A cmp2) 
Response to 1 mM glucose 11.5 11.5 23 21 21 22 

(PA cm-‘) 
Response to 5 mM glucose 49 51 46 42 66 64 

(PA cm-*) 
Glucose concentration (M) which will 5 x 10m4 5 x 10-S 1.5 x lo-” 1.5 x lop5 1 x lo-4 1 x 10m5 

be masked by 0.1 mM ascorbate 
Glucose concentration (M) which will 5xlo-6 - 

be masked by 0.2 mM acetaminophen 

of using a high density of the Nafion membrane 
(1% Nafion in the enzyme-polyelectrolyte com- 
plex) the response of the alcohol biosensor was 
continuously decreased. Experiments with a lower 
Nafion content used for making the enzyme- 
polyelectrolyte complex revealed a less stable re- 
sponse (data not shown). However, the rate of 
inactivation of the final enzyme electrode was 
relatively low. This made possible the recording of 
the calibration curves shown in Fig. 5. During 
such an investigation ( ~6 h) the response was 
reduced by less than lo%, which was controlled 
by repeated measurements of injected samples, 
maintaining a constant concentration of meth- 
anol. 

It is seen in Fig. 5 for both methanol and 
ethanol that within certain concentration ranges 
(for methanol between 5 ,uM and 1 mM, for 
ethanol between 0.1 and 10 mM), the response 
resulted in a straight line in logarithmic coordi- 
nates. The response to methanol is much higher 
than that to ethanol. One reason for this is that 
the product formed in the reaction of methanol 

with alcohol oxidase is formaldehyde, which is a 
good substrate for alcohol oxidase, whereas the 
product formed in the oxidation of ethanol, ac- 
etaldehyde, is a poor substrate. Methanol is also a 
smaller molecule than ethanol with an expected 
higher diffusion rate within the Nafion layer. The 
detection limit (evaluated as three times the noise 
level) of the system for methanol was 1 ,uM 
whereas that for ethanol was much higher, 0.05 
mM. However, the addition of ethanol, even in 
micromolar amounts, gave a stable response inde- 
pendent of the analyte concentration (not shown 
in Fig. 5), similar to what was obtained for glu- 
cose for electrodes of type III (see Fig. 4). Since 
the behaviour of the biosensor in the flow-injec- 
tion system with a low alcohol content was not 
clear, it was decided to compare the responses 
towards different alcohols in the millimolar re- 
gion. Table 2 summarises the effectiveness of anal- 
ysis of the following five different alcohols: 
methanol, ethanol, n-propanol, i-propanol, and 
i-butanol. The relative response is decreased as 
the hydrophobicity of the alcohol is increased. 
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Table 2 Acknowledgements 
Flow-injection analysis of alcohol. The relative response to- 
wards 1 mM concentrations of different alcohols A.A.K. thanks the 

for financial support. Alcohol Relative response 
(‘Yo) 

Methanol 
Ethanol 
n-Propanol 
i-Propanol 
i-Butanol 

100 
14.5 
2.6 
I.4 
1.4 

4. Conclusion 

Through the optimisation of Prussian Blue elec- 
trodepostion an electrocatalyst was produced 
which was almost insensitive to dissolved oxygen 
at an applied potential close to 0 mV, resulting in 
improved possibilities for using Prussian-Blue- 
modified electrodes in biosensors compared with 
our previous reports [9,10]. At the same time the 
activity towards hydrogen peroxide reduction was 
extremely high. This allowed electrochemical de- 
tection of hydrogen peroxide over a wide poten- 
tial range by its electrocatalytic reduction. Given 
the low applied potential at which these ampero- 
metric biosensors can operate it follows that they 
are less sensitive to interference by ascorbate. 
Prussian-Blue-modified electrodes also have po- 
tential for use in flow-injection systems due to the 
high rate of the catalytic reaction. 

The method of enzyme immobilisation into 
Nafion films from enzyme suspensions in a wa- 
ter-ethanol mixture with a high ethanol content, 
which was shown to give good results in steady- 
state measurements [16], also gave good results in 
flow-injection systems. Even a labile enzyme such 
as alcohol oxidase could be partially stabilised 
using this method. 
. In principal it is foreseen that other hydrogen- 
peroxide producing oxidases could be immobilised 
using similar procedures as outlined here for the 
development of Prussian-Blue-based biosensors 
and applied in flow-injection systems. 
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Abstract 

An electrochemical optical sensor system with luminescence response was proposed for the continuous determina- 
tion of hydrogen peroxide or peroxydisulphate concentration in aqueous solutions. The electroluminescence (EL) of 
TiO, film electrodes. which arises under conditions of the cathodic polarization as a result of the hole injection into 
the TiO, from high-energy OH’ or SO, ’ radicals produced by the electroreduction of H,O, or S,O, ‘- ions on the 
electrode surface, was used as the analytical signal. The EL response is linearly related, in a logarithmic scale, to the 
hydrogen peroxide or peroxydisulphate concentration ranging from lo-’ to lo- ’ M HzOz and from 5 x 10d4 to 1 
M Na,S,O,. It was shown that a substantial increase in the quantum efficiency of the EL and, as a consequence, in 
the sensitivity of the sensor system can be achieved by doping TiOz films with chromium. The potential dependence 
of the EL spectrum for TiO, electrodes in S,O, ’ ~ solutions differs essentially from that in H,O, solutions which 
allows measurement of the concentration of S20,‘- ions when they coexist with H,O, in solut-ion. _ _ 

Keywords: Electroluminescent method: Hydrogen peroxide determination; Peroxydisulphate ion determination; TiOz 
film electrodes 

1. Introduction 

The determination of hydrogen peroxide and 
peroxydisulphate ions is of practical importance 
in chemical, biological, clinical and other fields. 
This motivates the growing interest in developing 
novel types of sensors for these substances. Sev- 
eral methods for the determination of H20, and 
s,o, 2 - ions in aqueous and organic solutions, 
such as titrimetry [1,2], spectrophotometry [3-51, 

chemiluminescence [6-91, polarography [lo, 111, 
amperometry [12- 161 and others, have been re- 
ported. Based on the chemiluminescence method, 
chemical sensors with an optical response (so- 
called optrodes) have been developed for H202 
detection [17,18]. These sensors allow use of fibre 
optics [18&20]. Electrochemical methods offer an 
alternative way of developing sensors for H20, 
and S,O, 2 -. For example, various enzyme- 
modified electrodes have been proposed as a basis 

0039-9140/96/$15.00 01 1996 Elsevier Science B.V. All rights reserved 
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for amperometric sensors sensitive to H20, [I 3- 
16]. Most chemical and electrochemical sensors 
for H202 detection are based on using complex 
organic molecules (enzymes) as reagents which 
can deteriorate sensor characteristics such as life- 
time or response time. 

In the present paper, we propose an electro- 
chemical reagentless sensor system with optical 
response based on semiconductor electrolumines- 
cence. It is well known [2l-231 that minority 
carrier injection into semiconductor electrodes 
from some redox species in solution can cause 
radiative recombination between electrons and 
holes. Since definite species in solution take part 
in this process, the luminescence response of a 
semiconductor electrode could be used as a signal 
allowing detection of these species. In the previ- 
ous report [24]. we have shown that the change in 
intensity of electrochemically generated lumines- 
cence of TiO, electrodes can be related to the 
H,O, concentration in aqueous solutions. In the 
present paper, the results of studying electrolu- 
minescence (EL) processes on TiO, film electrodes 
in solutions containing H30, or S,O,‘P ions are 
described in view of using them in analytical 
purposes. We demonstrate the possibility of the 
increase in EL response due to doping TiO, films 
with chromium. Moreover. we show that the dis- 
tinctions in the EL behaviour of TiO, electrodes 
in an H,O, solution and in a solution containing 
SO, 7P ions can be used to detect these ions 
when they occur simultaneously with H,O, in 
solution. 

2. Experimental 

2.1. Electrode prepration 

The TiO, film electrodes were fabricated by 
hydrolysis of a solution containing 1 wt.% 
Ti(OC,H,), in tert-butanol. In this process chemi- 
cally polished titanium plates were coated by a 
definite dose of this solution. After evaporation of 
the solvent in air at room temperature, the plates 
were heated at 200°C for 30 min in a humid 
atmosphere to complete the hydrolysis of 
Ti(OC,H,),. This procedure of film deposition 

followed by heating was repeated three times to 
give a film thickness of ca. 100 nm estimated by 
the interference method. Finally the TiOz elec- 
trodes were heated at 700°C for 1 h in a purified 
argon atmosphere. According to electron diffrac- 
tion and Raman spectroscopy data, the TiOz films 
obtained are polycrystalline (rutile modification). 
To produce chromium doped TiOz films, a defin- 
ite amount of CrCl, x 6H,O was added to 1% 
Ti(OC,H9), solution in tert-butanol. 

Measurements were carried out in a standard 
three-electrode cell with a quartz window and a 
platinum counter-electrode at room temperature. 
All potentials were determined with respect to an 
Ag/AgCl reference electrode ( + 0.201 V versus 
NHE) and controlled by a conventional poten- 
tiostat with a programmer. Simultaneous mea- 
surements of EL intensity and current density as a 
function of potential were taken under a linear 
potential sweep, and EL response was monitored 
by a photomultiplier. The output of the photo- 
multiplier was amplified by a sensitive high-resis- 
tance voltmeter and plotted on an XP Y recorder. 
In some cases. we used a pulsed polarization of 
the working electrode. The potential was pulsed 
between 0 V (31.5 ms) and a more negative poten- 
tial ( 12 ms) (see the inset of Fig. 2). Such polariza- 
tion allowed us to prevent some irreversible 
changes of the electrode properties possible under 
forward bias. Moreover, a lock-in technique in- 
creased markedly the sensitivity and the signal-to- 
noise ratio of the detection system. To obtain 
electroluminescence spectra, the electrochemical 
cell was introduced inside the sample compart- 
ment of a Spex Fluorolog spectrofluorimeter. All 
spectra were corrected for the spectra1 sensitivity 
of a photomultiplier. 

All solutions were prepared using chemicals of 
analytical reagent grade and doubly distilled wa- 
ter. The electrolyte in the cell was stirred with a 
magnetic stirrer during the measurements when it 
was necessary. The concentration unit, mol 1~ ‘, is 
abbreviated as M in the present paper. 



3. Results and discussion 

3.1. Dependence of’ sensor resporwe on the 
electrode potentiul 

In order to determine the range of operating 
potentials for an electroluminescence sensor sys- 
tem based on TiO, film electrodes, the electrolu- 
minescence intensity (rEL) and the cathodic 
current density (i,) were simultaneously recorded 
as a function of electrode potential (E) (Fig. 1). 
Electrochemically generated luminescence of tita- 
nium dioxide in H,Oz or S,O, ’ - solutions was 
previously reported [21,25$27] to arise under for- 
ward bias according to the following mechanism. 
Initially. H,O, or SZO, ’ - ions are reduced by the 

conduction band electrons producing OH’ or 
so4 me radicals. Then these radicals acting as very 
strong oxidants inject holes into the valence band 
or onto intra-band-gap surface states of TiO,. As 
can be seen from Fig. 1, there is an exponential 
increase in the cathodic current, associated with 
the reduction of H,O, or S20, ’ ~ ions, at poten- 
tials more positive than the flat band potential of 
TO, (17, % - 1 .O V) as determined by capacitance 
measurements. The EL onset potential agrees 
sufficiently well with the onset potential of the 
cathodic current. At E < El,,, the cathodic current 
is saturated due to the diffusion limitation and, at 
E < - 1.8 V, increases again owing to the onset 
of the hydrogen evolution reaction. 

The potential dependences of the EL intensity 
are more complex as compared to i,-E relations 
(Fig. 1). Two peaks of EL intensity can be distin- 
guished on the Z EL-E curves, with a more nega- 
tive peak occurring in the potential region of the 
diKusion limited current. It is noted that when the 
EL response is used to detect H,O, or SzO, ‘- - 
ions, the TiOz electrode should not be polarized at 
very negative potentials (EC - 1.7- - 2.0 V), 
since this results in irreversible changes of electro- 
luminescence and other properties of the electrode 
which are caused by the cathodic reduction of 
TiO,. 
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Potential/V 
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Fig. I. Electroluminescence intensity versus potential (a) and 
cathodic current density versus potential (b) curves for un- 
doped (1.2) and chromium-doped (0.1 wt.‘%, Cr) TiO, film 
electrodes (3) in 0.1 M Hz02 + 0.1 M NaOH (2.3) and in 0.1 
M NalS208 + 0. I M NaOH (I ). Potential was swept from 0 V 
with a rate of 4 mV s ‘. 
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3.2. .EJkt of doping TiO, ,fih 

Since the sensitivity of the EL sensor system 
based on TiO, electrodes could be improved by 
increasing the quantum efficiency of the EL pro- 
cess, we attempted to do this by means of doping 
TiO, films with chromium. The choice of this 
dopant is justified by the previously reported con- 
clusion [26,28] that the photoluminescence inten- 
sity is considerably enhanced by the introduction 
of chromium in monocrystals and polycrystalline 
samples of rutile. Figs. 1 and 2 show the effect of 
the chromium doping level on the EL response 
obtained under potentiodynamic and pulsed po- 
larization of the TiOz electrodes. Increasing the 
chromium concentration in the oxide film en- 
hances markedly the EL intensity over the wide 
potential range. Characteristically, this doping im- 
proves only the quantum efficiency of the EL 



1610 S.K. Pornyak, ill. Kulak : Tdanra 43 (1996) 1607-1613 

-1.3 -1.1 
Potential/V 

Fig. 2. Dependence of the EL intensity on potential obtained 
under pulsed polarization of undoped (3) and chromium- 
doped TiO, film electrodes with 0.02 wt.% Cr (2) and 0.1 wt.% 
Cr (1) in a solution containing 0.1 M H,O, and 0.1 M NaOH. 
The inset shows the potential pulses used to generate electrolu- 
minescence. 

process and does not change the electrocatalytic 
activity of TiO, electrodes. The effect of 
chromium doping on the EL response is likely to 
be associated with increasing the concentration of 
deep recombination centres lying near the band 
gap centre of TiO, which are characteristic of 
rutile [28]. 

3.3. Emission spectru 

cated in the visible spectral range appears (Fig. 3). 
The reasons of this band appearance associated 
with the change of the EL mechanism were previ- 
ously considered in detail [31] and will not be 
discussed in the present paper. Here. it is impor- 
tant to note that the marked dependence of the 
EL spectrum on potential in peroxydisulphate 
solutions can be used to measure the concentra- 
tion of S,O,‘~ ions in the presence of HzOz in 
solution as will be shown below. 

3.4. Time dependence of sensor response 

In order to estimate the response time charac- 
teristics of the EL sensor system under consider- 
ation, we studied the transient behaviour of the 
ZEL- when a pulsed polarization was applied and 
switched off. The IEL versus time curves are 
shown to depend essentially on the analyte (H,O, 
or S,O, ’ ~ ions) concentration (C) in solution. In 
dilute solutions, after an initial sharp drop within 
several minutes, the ZEL reaches a steady-state 
value or decreases slowly in conformity with the 
i,-r dependence. These transients of ZEL and i, 
are caused by the diffusion limitation on the 
analyte transport to the electrode surface. The 
experimental fact that stirring the solution in- 
creases markedly a steady-state value of IEL con- 
firms this conclusion. In more concentrated 

Fig. 3 shows typical EL spectra for TiOz film 
electrodes. It should be noted that chromium 
doping practically does not modify the EL spec- 
tra. In HzOz solution. the only band is at 850 nm 
in the spectrum. This band has been observed 
more than once in the photoluminescence and 
electroluminescence spectra of monocrystals and 
polycrystalline sintered samples of rutile both in 
air and in solution [25-311. We did not reveal a 
noticeable effect of potential (up to - 1.7 V) on 
the position of this band in the EL spectrum. At 
more negative potentials, we failed to measure the 
EL spectrum reliably in H202 solution because of 
the low intensity of the emitted light. The EL 
spectrum observed in SO,‘- solution at poten- 
tials of up to - 1.1 V is similar to that in H,O, 
solution. However. at E < - 1.2 V, a band lo- 

15- 

=! - 

/<-----r , 

Wavelength/rim 

Fig. 3. Electroluminescence spectra for undoped TiOz film 
electrodes measured at - 1 .O V (1.2) and - 1.4 V (3) in 0.1 M 
HIOZ f0.1 M NaOH (2) and in 0.1 M Na,S20, f0.1 M 
NaOH (1.3). 
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Fig. 4. Time dependence of the EL response for chromium- 
doped (0.1 wt.% Cr) TiO, film electrodes in 0.1 M H,O, + 0.2 
M KOH (2) and in 0. I M K&O, + 0.2 M KOH (I) after 
starting the pulsed polarization ( - 1.1 V); off denotes that the 
pulsed polarization has been switched off. 

solutions (C > 0.1 M), the ZEL does not fall after 
starting the pulsed polarization and even some- 
what increases before reaching a constant value. 
Fig. 4 represents typical transients of ZEL ob- 
served in alkaline solutions with 0.1 M H,O, or 

-4 -3 
log{ c/I-z 1-l) 

-1 0 

Fig. 5. Dependence of the steady-state EL response on the 
analyte concentration in a logarithmic scale for chromium- 
doped (0.1 wt.‘% Cr) TiO, film electrodes in H,O, (I), Na,SzO, 
(2) and Na$,O, + 0.1 M H,O, (3) alkaline (0.1 M NaOH) 
solutions stirred with a magnetic stirrer. The potential was 
puIsedfromOVto -l.IV(I,2)and -1,4V(3).TheEL 
emission was monitored at wavelengths longer than 700 nm 
(curves 1,2) and at wavelengths shorter than 700 nm (curve 3). 

0.1 M Na,S,O, when a pulsed polarization was 
switched on and switched off. Characteristically, 
the EL rise time (lo- 15 min) in H,Oz solution is 
markedly longer than that (l-3 min) in S,O, * - 
solution. These transients may be tentatively 
associated with the activation of the electrode 
due to the electrochemical reaction. This as- 
sumption is confirmed by the fact that the EL 
rise time decreases considerably when applying 
the pulsed polarization repeatedly after reaching 
a steady-state value of ZEL. Thus, some limita- 
tion of the proposed sensor system which is as- 
sociated with a relatively long rise time of the 
EL response can be partly overcome by prelimi- 
nary training (the pulsed polarization during 15- 
20 min) of TiO, electrodes in solution just before 
the measurements. The EL decay time is much 
shorter than its rise time and lasts fractions of a 
second. 

3.5. Relation between sensor response und analyte 
concentration 

Fig. 5 shows the plots of steady-state EL inten- 
sity (measured on chromium-doped TiO, elec- 
trodes in stirring solutions) versus analyte (H,O, 
or S,O, * ~ ions) concentration in a logarithmic 
scale. The log(lEL) versus log C plot is linear in a 
rather wide range of H,O, concentrations from 
lo-” to 10-l M. Ab ove lo- ’ M, there is a 
change in slope, the EL response levels off and 
even somewhat decreases at Hz02 concentrations 
above 0.5 M. Unlike the calibration plot for H,O, 
solutions, the log(lEL) versus log C curve obtained 
in peroxydisulphate solutions has a distinct bend 
at concentrations of ca. 2 x 10 - ’ M. Two linear 
parts can be distinguished on this curve, one from 
5 x lop4 to lop2 M and another 5 x lop2 to 1 
M. Below 5 x lop4 M Na,S,O,, TiO, electrodes 
show a non-linear response in a logarithmic scale, 
but optical signals are still observed down to 10 ~ 4 
M. As noted above, the characteristic dependence 
of the EL spectrum on potential in peroxydisul- 
phate solutions gives the opportunity for the de- 
tection of S,O, 2 - ions on the background of 
H,O,. When monitored at wavelengths within the 
visible range of spectrum (A < 700 nm) and at 
potentials negative to - 1.2 V, the EL response 



effect: the EL intensity increases with decreasing 
pH at CNaOH < 0.1 M. At CNaoH more than 0.1 M 
up to 1 M, the EL intensity is slightly affected by 
the alkali content in H,Oz and SzO,’ solutions 
(Fig. 6). 

Thus, the experimental results obtained show 
that the EL emission occurring at the TiO,-solu- 
tion interface under negative polarization can be 
used to determine the HzO, or peroxydisulphate 
content in aqueous solutions within a rather wide 
range of concentrations. It should be noted that 

0)““‘1”‘) 
0.0 0.2 0.4 0.6 0.6 

CN,On/mol 1-l 
1.0 

Fig. 6. Electroluminescence response versus NaOH concentra- 
tion curves for chromium-doped (0.1 wt.% Cr) TiOz film 
electrodes in alkaline solutions containing 0. I M HzOz (,). 0.1 
M H,O, + 0.25 M Na,SO, (a) and 0. I M Na&O, ( l ). The 
potential was pulsed between 0 V and - I. I V. 

must reflect the contribution of the SO, ’ ~ ions 
to the electroluminescence generation process. 
Fig. 5 shows the plot of log(ZEL) versus 
log(CN,2s,ox) obtained at 2 < 700 nm and E = 
- 1.4 V (pulsed polarization) in solutions contain- 
ing 0.1 M H202 and various concentrations of 
Na,S,O,. This plot is linear from lo-’ to lo- ’ M 
peroxydisulphate indicating that the presence of 
H,O, in solution does not noticeably influence the 
measurement of S,O, ’ ~ concentration under 
such conditions. 

3.6. EJtict oJ‘pH 

The EL response of TiO, electrodes to H202 or 
SZO,‘- species depends, to some extent, on the 
concentration of alkali in solution. The depen- 
dences of the EL intensity on the NaOH concen- 
tration in solutions containing 0.1 M H20Z or 0.1 
M Na,S,O, are shown in Fig. 6. The EL response 
varies markedly in the region of relatively low 
concentrations of alkali (C,,,, < 0.1 M). More- 
over, in H20, solutions without an indifferent 
supporting electrolyte. the response falls off with 
decreasing NaOH concentration due to a lowering 
of the conductivity of the solution. The addition 
of 0.25 M Na,SO, as a supporting electrolyte to 
alkaline solutions of H202 results in the opposite 

titanium dioxide is a semiconductor with the wide 
band gap (approx. 3.02 eV) and the low location 
of the valence band edge in the energy scale [32]. 
This is an advantage in using TiO, as a basis for 
the sensor development, because TiO, electrodes 
are electrochemically stable and the hole injection 
into the TiO, valence band directly from the 
known oxidizing redox species, which are chemi- 
cally stable in aqueous solution, is negligible 
[21,27]. The possibility of this hole injection in 
hydrogen peroxide or peroxydisulphate solutions 
appears due to the specific two-step mechanism of 
HzO, or SzO,‘P electroreduction producing ac- 
tive intermediates (radicals) with a large positive 
redox potential during the first step. This peculiar- 
ity gives reasons to hope for a high selectivity of 
the proposed sensor system based on TiOz elec- 
trodes with respect to hydrogen peroxide or per- 
oxydisulphate ions. Further study concerning the 
sensor characteristics (e.g. selectivity, long-term 
stability) is currently being conducted and the 
results will be reported later. 
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1. Introduction 

Enzyme electrodes are analytical devices based 
on the combination of the high specificity of 
biocatalytic reactions with the electrochemical 
(mainly amperometric) transduction of the recog- 
nition event [l]. Analysis of enzyme electrode 
kinetics is of importance for designing a sensor or 
for optimization of parameters [2-61. Since the 
overall sensor response depends on the enzymatic 
reaction and on the mass transfer processes, the 
enzyme layer permeability and the efficiency of 
the enzymatic reaction are two crucial biosensor 
parameters. Their determination can give valuable 
information for the optimization of the biosensor 
configuration as well as for the development of 
new strategies for enzyme immobilization [5,7]. 

For this purpose, we present in this paper the 
properties of an original electroenzymatic system 

* Corresponding author 

based on polyphenol oxidase (PPO) and catechol 
for evaluating the performance of host matrices 
used to fabricate enzyme electrodes. PPO and 
catechol constitute a versatile system since the 
substrate (catechol) and product (o&o-quinone) 
of the enzymatic reaction can be independently 
determined electrochemically. Furthermore, the 
thermal deactivation of immobilized PPO can give 
additional information about the substrate diffu- 
sion through the host matrix loaded with en- 
zymes. The utilization of this simple system to 
obtain criteria for optimization of sensor perfor- 
mance is exemplified here for enzyme electrodes 
fabricated by polymer entrapment [g-lo]. The 
model of the electrode material was a polypyrrole 
film obtained by electropolymerization of an am- 
phiphilic monomer, the 12-(pyrrol- 1 -yl)dodecyltri- 
ethylammonium tetrafluoroborate (1) [ 111. The in- 
fluence of the amount of enzyme immobilized 
within this model of electrode material on the 
characteristics of the resulting enzyme electrodes 
is investigated via the PPO-catechol system. 

0039.9140/96~$15.00 0 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9 I40(96)0 1907-S 
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2. Experimental 3. Results and discussion 

2.1. Ilzstrurnmtution 

The electrochemical instrument consisted of a 
PAR mode1 362 potentiostat in conjunction with 
a Sefram TRP recorder. All experiments were 
carried out using an undivided thermostated 
three-electrode cell. The working electrode was a 
glassy carbon disk (5 mm diameter) polished 
with diamond paste. A saturated calomel elec- 
trode (SCE) and a platinum counter electrode 
were used. All measurements were carried out at 
30°C. 

PPO catalyzes the oxidation of several monohy- 
droxy and o-dihydroxybenzene derivatives to o- 
quinones involving molecular oxygen [ 121. 
Therefore, the analytical capabilities of an amper- 
ometric PPO-based biosensor can be investigated 
by applying a potential of - 0.2 V vs. SCE to 
detect the enzymatically-generated o-quinones. 

Polyphenol oxidase (EC I .14.lS.l, from mush- 
room, 123 units mg ‘) was purchased from 
Fluka and catechol was obtained from Aldrich. 
The synthesis of monomer 1 has been described 
previously [ 111. Supporting electrolytes were 0.1 
M LiClO, from Fluka and 0.1 M phosphate 
buffer (pH 6.5). 

In contrast. catechol can be detected ampero- 
metrically via its electrooxidation at 0.7 V and the 
immobilized PPO can be inactivated by thermal 
denaturation [13]. Thus depending on the applied 
potential ( - 0.2 or 0.7 V) and the reactive state of 
the enzyme (active or inactive), the immobilized 
PPO-catechol system can provide information 
about the biomaterial permeability as well as the 
enzymatic reaction and transduction efficiencies. 

The poly 1 -PPO electrodes were prepared as 
previously reported [8]. An aqueous dispersion of 
1 (6 mM) and PPO solution (20 g 1~ ‘) were 
mixed in water to produce several 3 mM 
aqueous dispersions of 1 containing 1.7, 3.3, 6.7 
or 10 g 1 ’ enzyme. 30 ,~l portions of these 
mixtures were deposited at the surface of a 
glassy carbon electrode and dried under vacuum. 
The polymerization of the adsorbed monomer 
l-enzyme film was carried out by controlled po- 
tential electrolysis for 30 min at + 0.75 V vs. 
SCE in deaerated aqueous 0.1 M LiClO, solu- 
tion. The irreversible inactivation of the immobi- 
lized enzyme was performed by immersion of 
poly I-PPO electrode in a water-bath ther- 
mostated at 65°C for 15 min. Before electro- 
chemical experiments, the electrode was 
potentiostated at - 0.2 V or 0.7 V for 30 min to 
allow the background current to decay to a 
steady-state value. 

Fig. 1 illustrates the three configurations of this 
system used providing the following parameters: 
(A) the current density for the diffusion of the 
enzymatically-generated o-quinone; (B) the cur- 
rent density for the catechol diffusion through the 
active biomaterial; and (C) the current density for 
the catechol diffusion through the inactivated bio- 
material. In order to keep this mode1 simple, we 
assume that the diffusivity of catechol in the 
biomaterial is identical to that of o-quinone and 
that the supply of cosubstrate (02) for PPO is 
considered to be plentiful [ 141. 

A B C 

-0.2 v +0.7 v +0.7 v 
s s P 

!i?uEff 

P 

s s 

PPO p PPO 

s-i-, P P 

Fig. I Schematic description of the three functioning configu- 
rations of the PPO-catechol electrochemical system: (A) 
bioelectrode potentiostated at - 0.2 V: (B) and (C) bioelec- 
trodes potentiostated at 0.7 V, PPO being inactivated in 
configuration (C). S and P denote respectively the catechol 
substrate and the 1.2.benzoquinone enzymatically or electro- 
chemically produced. 



J.-L. Besvrdws ef al. : Tulunia 43 (1996) 1615-1619 1617 

The ability of this system for evaluating the 
characteristics of polymer matrices has been in- 
vestigated in the case of functionalized poly- 
pyrrole. As previously reported [&lo], the poly- 
pyrrole enzyme electrodes were fabricated by ad- 
sorption on the electrode surface of a monomer 
l-enzyme mixture followed by the electropolymer- 
ization of the adsorbed amphiphilic pyrroles. Fol- 
lowing this procedure of biosensor construction, 
four poly l-PPO electrodes were prepared with 
different amounts of enzyme (from 0.0550.3 mg), 
the amount of monomer 1 remaining constant. 
The voltammograms of the resulting modified 
electrodes exhibit, in the anodic region, the re- 
versible oxidation of the polypyrrole matrix (I+ = 
0.48 V, with an anodic and cathodic peak 
potential separation (A,!?,) equal to 0.04 V, L: = 0.1 
V SC’) typical of N-substituted polypyrroles [15]. 
The apparent surface coverage r, can be deter- 
mined from the charge recorded under the 
polypyrrole oxidation wave, assuming one elec- 
tron per three pyrrole units [15]. It appears that 
the four poly l-PPO electrodes present similar 
apparent surface coverages (f, = (3.8 * 0.2) x 
10 -’ mol cm -‘), indicating a similar film thick- 
ness for the four enzyme electrodes. The 
steady-state current responses of these bioelec- 
trodes to catechol were evaluated in “air-satu- 
rated” 0.1 M phosphate buffer (pH 7) stirred at 
500 rev min ~’ by holding the bioelectrodes at 
- 0.2 V (Fig. 1A). All bioelectrodes present the 
same behavior. The response currents increase 
linearly with increasing substrate concentration, 
these linear parts being followed by a curvature 
for catechol concentrations higher than 400 tiM 
(see for example Fig. 2). The comparison of the 
S, bioelectrode sensitivities (S, defined as the 
slope of the linear part of the calibration curve) 
indicates that the S, sensitivity increases with 
increasing enzyme loading (Table 1). 

The efficiency of the enzymatic reaction was 
investigated by potentiostating these bioelectrodes 
at 0.7 V in order to detect the catechol non-enzy- 
matically-oxidized during its diffusion through the 
different biomaterials (Fig. 1B). All the different 
resulting calibration curves for catechol exhibit 
two linear parts indicating a low sensitivity for 
low catechol concentrations (up to 400-800 PM), 

0 100 200 300 400 500 

[Catechol] (pM) 

Fig. 2. Calibration curve for catechol obtained at a poly 
1 PPO electrode (prepared with 0.3 mg PPO). Applied poten- 
tial - 0.2 V vs. SCE. air-saturated fJ.1 M phosphate butfer 
(pH 6.5) kept under vigourous stirring at 30°C. 

followed by a marked increase in sensitivity for 
higher substrate concentrations (Fig. 3). The first 
part of the calibration curves corresponds to the 
concentration range where the enzymatic reaction 
rate, and hence the enzymatic catechol consump- 
tion. increase linearly with substrate concentra- 
tion. The strong increase in the electrode 

Table 1 
Comparison of biosensor sensitivities”. percentages of catechol 
consumption and detected o-quinone versus the enzyme load- 
ing 

Parameter Amount of PPO deposited for 
biosensor construction (mg) 

0.05 0. I 0.2 0.3 

SAh(mA M-’ cm-‘) 20 61 139 345 
S,‘(mA M-’ cm-‘) 221 82 39 29 
Scd (mA M-’ cm-‘) 441 361 320 344 
(S,- s,):s,-' (':';I) 46 77 88 93 
S,a/(S, - S,)' ('!/;I) 11 22 50 110 

li Each sensitivity value is reported as the mean of four inde- 
pendent measurements recorded with two bioelectrodes 
hS ,, = biosensor sensitivity towards catechol at -0.2 V (Fig. 
IA). 
L S, = biosensor sensitivity towards catechol at 0.7 V before 
enzyme saturation (Fig. IB). 
“ S, = biosensor sensitivity towards catechol at 0.7 after ther- 
mal denaturation of immobilized PPO (Fig. 1C). 
’ (S,. ~ S,)/Sc ratio represents the percentage of catechol con- 
sumed by the enzymatic reaction. 
’ S,,/(S,-S,) ratio represents the percentage of enzymatically- 
generated n-quinone detected at the electrode surface. 
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0 0.5 1.0 
[Catechol] (mM) 

Fig. 3. Calibration curves for catechol obtained at poly I- 
PPO electrodes prepared with ( + ) 0.05. (+) 0. I, ( C ) 0.2 and 
(@) 0.3 mg of deposited PPO. Applied potential 0.7 V IJS. SCE. 
Other experimental conditions as in Fig. 2. 

sensitivity observed in the second part of the 
calibration curves indicates that the saturation 
rate of the enzymatic reaction is reached. Thus, 
the electrode sensitivity should become indepen- 
dent of the enzymatic consumption of catechol, 
this latter being constant and independent of the 
catechol concentration. Effectively the catechol 
sensitivity of the bioelectrodes fabricated with 0.1, 
0.2 and 0.3 mg PPO remains constant within 
experimental error (203 f 5 mA M ’ cm ~ ‘) un- 
der catechol saturation conditions of the immobi- 
lized enzymes, suggesting a similar biofilm 
permeability. In contrast, the bioelectrode fabri- 
cated with 0.05 mg PPO exhibits a higher catechol 
sensitivity (360 mA M ~ ’ cm- ‘). This phe- 
nomenon can be related to the low enzyme load- 
ing, which induces an increase in the biomaterial 
permeability. It should be noted that the values of 
catechol concentration corresponding to the en- 
zyme saturation increase with increasing enzyme 
loading. As expected. it is clear that the sensitivity 
of the amperometric electrode response to cate- 
chol before the enzyme saturation (S,) decreases 
with increasing enzyme loading (Table 1). This 
result corroborates the relationship previously ob- 
served at - 0.2 V between the S, bioelectrode 
sensitivity and the enzyme loading. 

In contrast, the thermal denaturation of the 
immobilized enzymes allows one to quantify at 

0.7 V the catechol diffusion through the different 
biomaterials. Thus, the effect of the enzyme load- 
ing on the biomaterial permeability was investi- 
gated by comparison of catechol sensitivity (SC) 
(Table 1). It appears that the increase in the 
amount of deposited enzyme induces a decrease in 
the biomaterial permeability. In particular, the 
bioelectrode fabricated with 0.05 mg PPO exhibits 
the highest S, (411 mA M ~ ’ cm -“) while this 
sensitivity decreases down to 320 and 344 mA 
M - ’ cm ~ ’ for the bioelectrodes elaborated from 
0.2 and 0.3 mg PPO respectively. This result is in 
good agreement with the variation of the catechol 
sensitivity of bioelectrodes previously observed at 
0.7 V under substrate saturation conditions of the 
immobilized active enzymes. 

In addition to this information, the PPO-cate- 
chol system allows one to calculate various 
parameters in order to evaluate the biomaterial 
performance. For instance, the comparison of 
sensitivities for the same bioelectrode measured at 
0.7 V towards low concentrations of catechol 
after its diffusion through an enzymatically-active 
(S,) or inactive (S,) biomaterial allows one to 
estimate the percentage of catechol enzymatically 
oxidized during its permeation (Fig. 1 B and 1C). 
This parameter could represent the efficiency of 
the enzymatic reaction and therefore illustrate the 
influence of the host matrix (permeability, dena- 
turing microenvironment, etc.) on the enzymatic 
step as well as the influence of the amount of 
immobilized enzyme. Thus, the values of the per- 
centate of enzymatically-oxidized catechol 
(defined as the ratio of sensitivities (S, - &J/S,.) 
versus the enzyme loading are summarized in 
Table 1. As expected, this percentage increases 
unambiguously with increasing enzyme loading. 
The most efficient enzymatic conversion is ob- 
tained with the bioelectrode corresponding to 0.3 
mg PPO since almost all the permeant (92%) is 
consumed. 

The PPO-catechol system also allows us to 
examine the efficiency of the bioelectrochemical 
detection via a comparison of the amounts of 
o-quinone electrochemically detected and enzy- 
matically generated. This is illustrated by the 
value of the S,/(S, - S,) ratio, S, and (& - S,) 
being biosensor sensitivities corresponding to the 
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electroreduction of enzymatically-generated u- 
quinone (Fig. 1A) and the enzymatic disappear- 
ance of catechol respectively. It is clear that the 
efficiency of the bioelectrochemical detection in- 
creases with enzyme loading, reaching 110% for 
the bioelectrode fabricated with 0.3 mg PPO 
(Table 1). Furthermore, this value (110%) seems 
to indicate a signal amplification due to the well- 
known substrate recycling [16] (Fig. 1A). In con- 
trast, the weak efficiency (11%) obtained with the 
bioelectrode fabricated with the lowest amount of 
PPO (0.05 mg) could indicate that much of the 
o-quinone diffused back to the solution and did 
not reach the electrode surface. This phenomenon 
could be correlated with the permeability increase 
previously observed for this biomaterial (Table l), 
as well as with a weak efficiency of substrate 
recycling (Fig. 1A) due to the low enzyme load- 
ing. 

In conclusion, the electroenzymatic system 
based on PPO and catechol constitutes a powerful 
means of obtaining an insight into the detailed 
processes that occur in amperometric enzyme- 
based sensors. It is expected that this system will 
be a useful model for comparing various types of 
host matrix used for bioelectrode fabrication. 
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Kirk-Othmer Encyclopedia of Chemical Tech- 
nology, 4th edn., edited by J.I. Kroschwitz and M. 
Howe-Grant, Volume 14, Imaging Technology to 
Lanthanides, Wiley, New York, 1995, xxviii + 
1116 pp., E195.00. ISBN O-471-52683-5 (v.14). 

Entries in the volumes of this edition of the 
encyclopedia are arranged in alphabetical order 
and with volume 14 the mid-point of the alphabet 
has been reached. With about 1000 + pages and 
about 30-40 entries per volume the coverage of 
topics is extensive. Some of the entries at first 
sight may not seem to be directly related to 
chemistry but closer inspection reveals that the 
topics are indeed of prime importance. For exam- 
ple, in this latest volume over 150 pages are 
devoted to information retrieval and information 
storage materials. In the former we are presented 
with an excellent survey of numerous modern 
chemical databases-some that 1 currently use 
and some which I did not know existed. Similarly 
in the latter, the various chemical processes in- 
volved in the production of both magnetic and 
optical devices for data storage are covered. A 
smaller entry related to these topics, Laboratory 
Information Management Systems, is included in 
this volume. 

Topics related to medicinal and pharmaceutical 
chemistry include entries on Immunoassay, Im- 
munotherapeutic Agents, Industrial Antimicrobial 
Agents and Insulin and Other Antidiabetic 
Agents. There is also information on Industrial 
Hygiene which covers hazard evaluation and con- 
trol. Insect Control Technology is also well repre- 
sented with 80 pages and 77 references. 

Elements specifically dealt with in this volume 
include Indium, Iodine, Iron and the Lanthanides. 
Classes or groups of compounds include: Imines, 
Inclusion Compounds, Initiators, Inks, Inorganic 
High Polymers, Ionomers, Isocyanates, Ketenes, 
and Ketones. There are also separate entries for 
Indole, Isoprene and Itaconic Acid. 

Techniques included are Infrared Technology 
and Raman Spectroscopy, Ion Exchange, Ion Im- 
plantation and Kinetic Measurements. Finally, 
there are entries on Insulation and Laminated 
Materials. 

The usual high standard of supplied informa- 
tion is maintained with this volume of the ency- 
clopedia. The editiors are to be congratulated for 
their efforts in making these multi-authored vol- 
umes suitable for a wide range of readers. 

P.J. Cox 

Anticancer Drags from Animals, Plants and Mi- 
croorganisms, by G.R. Pettit, F.H. Pierson and 
C.L. Herald, Wiley, Chichester, 1994, xii + 670 
pp., E78.00. ISBN O-471-03657-9. 

This book represents an update of the ongoing 
review by the authors of the expanding field of 
biosynthetic products with potential in cancer 
chemotherapy. The initial chapter briefly intro- 
duces the subject of cancer causing and related 
lethal viral diseases, with particular emphasis on 
the significance of HIV infection. This is followed 
by a chapter which seeks to illustrate the public 
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volved in the production of both magnetic and 
optical devices for data storage are covered. A 
smaller entry related to these topics, Laboratory 
Information Management Systems, is included in 
this volume. 

Topics related to medicinal and pharmaceutical 
chemistry include entries on Immunoassay, Im- 
munotherapeutic Agents, Industrial Antimicrobial 
Agents and Insulin and Other Antidiabetic 
Agents. There is also information on Industrial 
Hygiene which covers hazard evaluation and con- 
trol. Insect Control Technology is also well repre- 
sented with 80 pages and 77 references. 

Elements specifically dealt with in this volume 
include Indium, Iodine, Iron and the Lanthanides. 
Classes or groups of compounds include: Imines, 
Inclusion Compounds, Initiators, Inks, Inorganic 
High Polymers, Ionomers, Isocyanates, Ketenes, 
and Ketones. There are also separate entries for 
Indole, Isoprene and Itaconic Acid. 

Techniques included are Infrared Technology 
and Raman Spectroscopy, Ion Exchange, Ion Im- 
plantation and Kinetic Measurements. Finally, 
there are entries on Insulation and Laminated 
Materials. 

The usual high standard of supplied informa- 
tion is maintained with this volume of the ency- 
clopedia. The editiors are to be congratulated for 
their efforts in making these multi-authored vol- 
umes suitable for a wide range of readers. 

P.J. Cox 

Anticancer Drags from Animals, Plants and Mi- 
croorganisms, by G.R. Pettit, F.H. Pierson and 
C.L. Herald, Wiley, Chichester, 1994, xii + 670 
pp., E78.00. ISBN O-471-03657-9. 

This book represents an update of the ongoing 
review by the authors of the expanding field of 
biosynthetic products with potential in cancer 
chemotherapy. The initial chapter briefly intro- 
duces the subject of cancer causing and related 
lethal viral diseases, with particular emphasis on 
the significance of HIV infection. This is followed 
by a chapter which seeks to illustrate the public 
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health hazard of environmental exposure to a 
variety of carcinogens, examples of which are 
presented in five tables; synthetic carcinogens, car- 
cinogenic antitumor drugs, environmental and 
other naturally occurring carcinogens together 
with the effects of irradiation and tumor pro- 
moters. The main review, in tabular form how- 
ever, is contained in the following chapters which 
spans some 450 pages. These are subdivided into 
three sections and the first of these “Antineoplas- 
tic and/or cell growth inhibitory agents”, is ar- 
ranged in nine chapters on the basis of biological 
origin. The second and third sections survey 
“Marine animal” and “Marine plant biosynthetic 
products” respectively, in eight chapters which are 
organised on the basis of chemical class. 

Typically details are given of name, structure, 
biological origin and biological activity together 
with an indication of the accumulated spectral 
data. This information has been meticulously 
cross referenced to over twelve hundred published 
papers. The bringing together of this data pro- 
vides a fascinating resource both to the molecular 
biologist seeking compounds to probe novel 
mechanisms of molecular cellular interactions or 
to the biosynthetic, medicinal or synthetic organic 
chemist in a quest for novel methodological 
targets. The book therefore deserves a place on 
the library shelf of those researchers working in 
the development of new anticancer drugs and will 
provide a ready source of new inspiration as well 
as hours of pleasurable “browsing”. It is perhaps 
to be regretted that this type of publication may 
perish in the future to be replaced by a less stylish 
electronic means of information dissemination. 

D.G. Durham 

Good Laboratory Practice Regulations, 2nd 
edn., edited by A. Weinberg, Dekker, New York, 
1995, x + 294 pp., US$125.00. ISBN 0-8247-9377- 
3. 

This is Volume 69 in the Drugs & Pharmaceuti- 
cal Sciences Series of Textbooks and Mono- 
graphs, and is a second edition of Volume 38 
which was edited by Allen F. Hirsch. The Good 

Laboratory Practices prescribe standards for the 
conduct of studies designed to establish the safety 
of products regulated by the US Food & Drug 
Administration. Study reports are submitted to 
the FDA in food and colour petitions, investiga- 
tional new drug applications, new drug applica- 
tions, biological product licence applications, and 
other requests for permission to market a 
product. If safety and efficacy are established 
adequately, marketing of the product is permitted. 
GLPs are part of the International Market Place. 
The US and other members of the 24 nation 
Organization for Economic Cooperation and De- 
velopment (OECD) have been involved in exten- 
sive international consultation in efforts to bring 
industrial and environmental chemical pro- 
grammes into harmony. This 2nd edition of Good 
Laboratory Practice Regulations addresses these 
topics as well as discussing all aspects of the 
FDA’s GLP regulations and techniques for imple- 
mentation. These topics are presented within the 
contexts of an historical perspective and current 
laboratory automation. 

Chapter 1 gives an historical perspective of the 
FDA focusing on problems and solutions; pro- 
posed regulations from the FDA and EPA; and 
GLP revisions. Chapter 2 provides a general dis- 
cussion of all aspects of the FDA’s GLP regula- 
tions. Chapter 3 discusses the Environmental 
Protection Agency (EPA), foreign GLP regula- 
tions and the EPA Federal Insecticide, Fungicide 
and Rodenticide Act (FIFRA) GLPs. Chapter 4 
explores the implementation of GLPs in a non- 
GLP analytical laboratory. Chapter 5 introduces 
economic behaviour as a means of evaluating and 
optimizing the use of automation and instrumen- 
tation technology in regulated laboratories. Chap- 
ter 6 addresses computer system validation and 
how it establishes the credibility of laboratory 
data and automated procedures. Chapter 7 pre- 
sents a regulator’s perspective of the laboratory 
inspection process. Chapter 8 presents summary 
commentary and ventures a forecast as to the 
future value and effectiveness of the GLPs as 
robotic laboratories become more common. An 
up-to-date bibliography provides useful references 
for GLPs. 
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This book is not an easy read. One maddening 
aspect is the overuse of TLAs and FLAs (three 
and four letter abbreviations), although without 
them the book would be much longer. Chapter 2, 
as well as being the longest by far, is also the most 
difficult to assimilate. This is due to the nature of 
the subject material itself and to the thoroughness 
of the author, and certainly not because of any 
deficiency in style. Indeed, in the subsection on 
Testing Facilities Operation, much useful advice is 
given for the preparation and revision of Stan- 
dard Operating Procedures (SOPS). For example, 
“.. .it is always a good idea to solicit comments 
from those who use the SOP manual (the workers 
at the bench)...“. The chapter of most interest to 
a reader new to the subject of GLP and to those 
persons tasked with implementing GLPs in their 
laboratories will be Chapter 4. It outlines reasons 
for adopting GLPs, how to develop a Quality 
System and what it should consist of, the need for 
the Quality Assurance Unit to maintain a sense of 
humour( helpful hints for writing SOPS, and the 
need for random audits. The chapter on computer 
systems validation is also highly relevant and 
direct, pulling no punches on the subjects of poor 
quality control in the computer software industry, 
and jargon-filled non-explanations of computer 
professionals. 

There are very few typographical errors. al- 
though on two occasions “pH” is referred to as 
“Ph”. Although written primarily from the Amer- 
ican viewpoint, a general interpretation will serve 
practitioners in almost any country. Notwith- 
standing the comments above, this book deserves 
its place on the shelf of the Quality Assurance 
Manager in any laboratory. 

D.F. Rendle 

Chromatography fop Inorganic Chemistry, by M. 
Lederer, Wiley, Chichester, 1994, vi + 221 pp., 
E17.95 (softback), g39.95 (hardback). ISBN 0-471- 
94286-3 (softback), O-47 l-94285-5 (hardback). 

This book is associated with a course of lectures 
given by the author to advanced students at a 
number of Universities in Switzerland and Israel, 
and does not therefore aim to cover the entire 
literature. The author also assumes a working 
knowledge of the principles of chromatography, 
and does not survey the analytical applications of 
chromatography since these are already covered 
in other more detailed texts. Nevertheless the 
book provides a wide coverage of the applications 
of chromatography in inorganic chemistry. 

The book starts with an historical introduction; 
following chapters deal with solvent extraction, 
paper and thin-layer chromatography, elec- 
trophoresis, gel filtration, ion exchange, HPLC, 
ion and gas chromatography, and the separation 
of isotopes and optical isomers. Each chapter 
contains many examples of the applications of 
each technique, liberally illustrated with clear dia- 
grams and tables of factural information. The 
final chapter deals in more detail with the chro- 
matography and electrophoresis of specific ele- 
ments, including condensed phosphates, sulphur 
compounds and selected transition metals, lan- 
thanides and actinides. 

As might be expected from a book connected 
with a lecture course, the text is written in a very 
personal style. The examples tend to be chosen 
from the author’s own work which of course 
allows him to present them with authority. Cita- 
tions are given which allows the student to follow 
up the work from the literature. Within these 
confines the book is very readable and pitched at 
the right level for its intended readership. 

D.R. Russell 
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Abstract 

A simple, sensitive and selective method for the spectrophotometric determination of drugs, viz., sulphamethoxa- 
zole, tetracycline HCI. amidopyrine, nifurtimox and isoniazid and biologically important amino acids, cysteine, 
aspartic acid and arginine based on their reactivity with chloramine-T (CAT) is proposed. The method involves the 
addition of excess CAT of a known concentration in the presence of 0.25 M HCI and the determination of the 
unreacted CAT by measurement of the decrease in the absorbance of the dye, gallocyanine (i.,,;,,: 540 nm), the most 
suitable of several dyes that were tested. This method was applied to the determination of drug contents in 
pharmaceutical formulations and to the measurement of the aspartic acid content of some protein hydrolysates. The 
method is useful for the determination of the target compounds in microgram quantities from 0.4-5.6 ,~g mL ~ ’ with 
the exceptions of arginine (I .0&&O /lg mL - ‘) and nifurtimox (0.8-5.6 Llg mL ‘). Standard deviations were typically 
d 0.5 mg per dose (RSD 0.5- I .2’%). No interferences were observed from common excipients in formulations, and 

detailed interference studies of other amino acids in the determination of cysteine. aspartic acid and arginine are 
reported. The validity of the method was tested against spectrophotometric and titrimetric reference methods. 
Recoveries were 99% 102.1%. 

Kc~~~~~rls: Chloromine-T; Gallocyanine: Spectrophotometry 

1. Introduction 

In recent years there has been a growing inter- 
est in the role of chloramine-T (CAT) as an 
analytical reagent in the determination of organic 
compounds [l]. CAT was developed for its &sin- 
fectant and antiseptic properties. As a result of 

* Corresponding author. 

the high yields of the products obtained in its 
reactions, it has been adopted for use in the 
determination of many orgainc compounds. CAT 
acts as a selective oxidizing agent in both acid and 
alkaline media [2,3]. When the reaction is stoi- 
chiometric and fast, the solution of CAT is useful 
in titrimetric determinations in which the end 
point is detected with either a visual indicator 
[4-61 or potentiometry [4]. In many instances, 
direct titration with CAT with a visual or poten- 

0039.9140;96/$15.00 [G 1996 Published by Elsevier Science B.V. All rights reserved 
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tiometric end point was not practicable, because 
the oxidation, though rapid, was not instanta- 
neous and a back titration procedure was devel- 
oped [7]. An excess of standard CAT is added to 
the analyte solution and is allowed to react for a 
given time. The excess CAT present in the acidic 
medium. is determined by titrimetry [7,8]. How- 
ever, titrimetric procedures are not suitable for 
the determination of compounds at microgram 
levels [4-S]. The aim of the present work is to 
provide a simple and sensitive spectrophotometric 
method for the determination of some typical 
bio-active compounds based on their reactivity 
with CAT. 

Azine and oxazine dyes are well known for their 
high absorptivity, but they have not been utilized 
for estimating excess CAT in the indirect determi- 
nations of bio-active compounds. The present in- 
vestigation proposes a selective and sensitive 
indirect spectrophotometric method for the deter- 
mination of drugs, sulphamethoxazole (N’-(5- 
methylisoxazol-3-yl) sulphanilamide; SMX; CA: 
723-46-6; antibacterial agent), tetracycline HCl 
(4-dimethylamino 1,4,4n,5,%.6,11,12a-octahydro- 
3,6,10.12,12x-pentahydroxy-6methyl-l,ll,-dioxo 
(4S-(4a,4aa,5~a,6p, 12Xx))-2-naphthacene car- 
boxamide; TTC; CA: 60-54-8; antibacterial agent), 
amidopyrine (4-dimethylamine-2,3-dimethyl-l- 
phenyl-3-pyrazolin-5-one; AMP; CA: 58-15-l; an- 
tiinflammatory agent). nifurtimox (3-methyl-N- 
((5-nitro-2-furanyl) methylene)- 1,l -dioxide-4-thio- 
morpholinamide; NIF; CA: 23256-30-6; antitry- 
panocide agent) and isoniazid (4-pyridinecar- 
boxylic acid, hydrazide; INH; CA: 54-84-3; 
antitubercular agent) and the amino acids, cysteine 
(CYS. CA: 52-90-4). aspartic acid (ASP, CA: 
617-45-8) and arginine (ARG, CA: 627-75-8) in 
pure form and also in pharmaceutical formulations 
for drugs and protein hydrolysates for aspartic 
acid. Any one of the bio-active compounds men- 
tioned above is made to react with an excess of 
CAT and the excess unreacted CAT oxidizes the 
oxazine dye, gallocyanine (phenoxazine-5-ium, l- 
carboxy-(7-dimethylamino)-3,4-dihydroxy chlo- 
ride; GC; C.I. No. 51030) to a colourless form, 
thereby causing a decrease in the absorbance of 
GC. A few visible spectrophotometric methods 
reported for the estimation of SMX [9-121, TTC 

[13-171, AMP [18&21], INH [22226]. CYS [27- 
30], ASP [27,31,32], ARG [33335] and NIF [36]. 
sufler from one or other disadvantage such as low 
sensitivity, lack of selectivity and simplicity. The 
proposed method is superior over these reported 
methods for its simplicity, high sensitivity and 
rapidity of the determination. 

2. Experimental 

2.1. Apparatus 

A Milton Roy spectronic 1201 UV-visible spec- 
trophotometer (USA) with 1 cm matched quartz 
cells was used for all the absorbance measure- 
ments. An Elico model LI-120 digital pH meter 
(Hyderabad, India) was used for pH measure- 
ments 

2.2. Reagents 

All chemicals were of analytical grade and all 
solutions were prepared in triply distilled water. 
An aqueous solution of gallocyanine (CA: 1562- 
85-2, E. Gurr & Co., High Wycombe, UK, 1 mg 
mL - ‘) was prepared and was further diluted to 
100 pg mL ~ ‘. Aqueous solutions of chloramine- 
T (CA: 127-65-1, Loba, Bombay, India, 1 mg 
mL - ‘) were prepared and standardized iodomet- 
rically [37]. This solution was further diluted to 
200 pg mL- ‘. A 5 M aqueous solution of hy- 
drochloric acid (CA: 7647-01-01, E. Merck, Bom- 
bay, India) was also prepared. 

2.3. Preparation of standard drug or amino acid 
solution 

Aqueous solutions containing 1 mg mL-’ of 
pharmaceutical grade sample of each drug or 
analytical grade sample of amino acid were pre- 
pared separately by dissolving initially in either 10 
mL of dimethyl formamide (NIF, from Bayer, 
Germany) or 0.1 M HCl (INH, from Loba, Bom- 
bay, India) or 0.1 M NaOH (SMX, from German 
Remedies, Bombay, India) or hot water (ASP, 
from Loba, Bombay, India) or water (AMP, from 
Ciba-Geigy, Bombay, India; TTC, from Hoechst, 
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Bombay, India; CYS, from Loba, Bombay, India; 
ARG, from Loba, Bombay, India), followed by 
dilution with distilled water. Stock solutions were 
further diluted stepwise with distilled water to 
give the working standard solutions. 

2.4. Anulysis of pure forms 

To each of 25 mL graduated test tubes contain- 
ing aliquots of the standard drug solution (SMX: 
0.5-4.0 mL, 10 pug mL-‘; TTC, AMP, INH: 
0.5-4.5 mL, 20 pg mL- ‘; NIF: 0.5-3.5 mL, 40 
pg mL- ‘) or amino acid solution (CYS, ASP: 
1.0-6.0 mL, 20 fig mL- ‘; ARG: 0.5-4.0 mL, 50 
pg mL- ‘), 1.25 mL of 5 M HCl and 2.0 mL of 
CAT (200 pug mL - ‘) were added and the solu- 
tions diluted to 15 mL. After 10 min (except NIF 
or ASP: 30 min; ARG: 55 min), 10 mL of GC was 
added and mixed thoroughly and the absorbances 
were measured after 5 min at 540 nm against 
distilled water. The blank solution was prepared 
in a similar manner omitting bio-active com- 
pound. The decrease in absorbance corresponding 
to consumed CAT, which reflects the drug or 
amino acid concentration, was obtained by sub- 
tracting the absorbance of the blank solution 
from that of the test solution. Calibration graphs 
were prepared by plotting the decrease in the 
absorbance of the dye (GC), against the amount 
of drug or amino acid. The amount of drug or 
amino acid in any sample was calculated from its 
calibration curve. 

2.5. Analysis of formulations 

Since NIF formulations were not available in 
the Indian market, we prepared these according to 
the literature method [38,39]. Tablet, injection or 
capsule powder equivalent to 100 mg of active 
ingredient was treated with 10 mL of DMF, 0.1 
M HCl, 0.1 M NaOH or water as given under 
standard stock solution preparation and the isolu- 
ble portion, if any was filtered off. The filtrate was 
diluted to 100 mL with water to give nominally 1 
g L- ’ concentration. The stock solutions in each 
case were further diluted with distilled water to 
obtain working solutions and were analysed as 
described under the procedure for pure samples. 

2.6. Analysis of clspurtic acid in protth 
hydroysates 

An accurately weighed model mixture of 
protein hydrolysate powder equivalent to 100 mg 
of ASP was treated with 10 mL of hot water as 
given under standard stock solution preparation. 
It was further diluted to 100 mL with water to 
give nominally 1 mg mL- ‘. This solution was 
further diluted to the requisite concentration and 
was analysed as described under the procedure for 
pure samples. 

3. Results and discussion 

In the preliminary experiments several azine 
and oxazine dyes such as neutral violet (NV. CA: 
3562-46-7) neutral red (NR, CA: 553-24-2), wool 
fast blue BL (WFB, CA: 6378-S&7), azocarmine- 
G (AG, CA: 25641-18-3) lissamine blue BF 
(LBBF, CA: 6448-97-l), gallocyanine (GC, CA: 
1562-85-2) gallamine blue (GB, CA: 1563-02-6), 
solocrome prune AS (SPAS, CA: 6416-51-9) and 
cresyl fast violet acetate (CFVA, CA: 10510-54-o) 
were tested for reaction with CAT in acidic 
medium. These investigations revealed that gallo- 
cyanine, neutral violet. gallamine blue and 
solocrome prune AS exhibit a quantitative reac- 
tion as shown by a definitive decrease in ab- 
sorbance for a specific concentration of CAT even 
within 1 min (Fig. 1). As the difference in ab- 
sorbance was found to be higher in the case of 
gallocyanine than for the remaining three, further 
studies were carried out with gallocyanine. 

The similarity in the nature of the spectra 
recorded with GC, GC-CAT and drug or amino 
acid-CAT-GC in 0.25 M HCl medium indicates 
that the products formed by the interaction of 
drug or amino aciddCAT and CAT-dye do not 
affect the accuracy of the determination. 

The method involves two steps, namely reaction 
of the drug with an excess of CAT giving prod- 
ucts involving oxidation and the estimation of 
excess CAT using a known excess of GC. The 
excess dye remaining, is then measured with a 
spectrophotometer at 540 nm. The effect of 
reagent concentration, acidity and waiting period 
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Fig. I. EtTect of CAT on dyes in HCI (0.25 M) medium-curve A: CAT-CC system, [CC] = 0.1188 x IO- ‘M: curve B: CAT-NV 
system: [NV] ~0.4822 x IO-’ M; curve C: CAT-GB system, [GB] ~0.1 I91 x IO-’ M: curve D: CAT-SPAS system, [SPAS] = 
0.1140 x IO -’ M. 

in each step with respect to maximum sensitivity, 
blank minimum, adherence to Beer’s law, repro- 
ducibility and stability of final colour were studied 
by means of controlled experiments varying one 
parmeter at a time [40]. 

3.1. Efltict of acidity 

The studies on the variation of acid concen- 
tration indicated that a constant absorbance is 
obtained in 0.15 to 0.4 M HCl, 0.1 to 0.25 M 
HSO, or 0.25 to 0.45 M CH,COOH at a CAT 
concentration of 400 pg. As the difference in 
absorbance between the sample and the blank 
was found to be highest for the HCl medium. 
subsequent studies were carried out in 0.25 M 
HCI. 

3.2. Eflect of CAT concentrution 

In order to ascertain the linear relationship 
between the concentration of added CAT and the 
corresponding decrease in the absorbance of the 
GC (1000 ,~g), experiments were carried out in 
0.25 M HCl medium with varying amounts of 
CAT. As the decrease in absorbances was found 
to be linear up to 400 ,ug of CAT (Fig. l), 
subsequent studies were carried out with 1000 pg 
of GC and 400 lug of CAT in 0.25 M HCl 
medium. 

3.3. Waiting period 

A time span of 5 to 20 min for the reaction 
between the compound and CAT in first step 
(except ASP or NIF (25 to 40 min) and ARG (50 
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Fig. 2. Effect of oxidation time on drug/amino acid&CAT (0.5680 x 10V4 M)-GC (0.1188 x lo-? M) systems. curve A: 
SMX-CAT-CC system. [SMX] = 3.1580 x 10 6 M; curve B: INH-CAT-CC system, [INH] = 1.1667 x IO-’ M; curve C: 
AMP-CAT-GC system, [AMP] = 1.3853 x 10 -’ M: curve D: TTC-CAT-CC system, [TTC] = 6.6542 x 10 -’ M: curve E: 
NIFpCATpGC system, [NIF]= 1.3929 x 10W5 M: curve F: CYS-CAT-GC system, [CYS]= 1.6528 x 1OW’ M; curve G: ASP- 
CAT-CC system, [ASP] = 1.2021 x lO-s M; curve H: ARGpCATpGC system, [ARG] = 3.7974 x 10W6 M. 

to 60 min)) and 2 to 60 min between the CAT and 
CC in the second step, resulted in a constant and 
maximum difference in absorbance of the test and 
blank solutions (Fig. 2). Hence waiting periods of 
10 min (30 min for ASP or NIF; 55 min for ARG) 
and 5 min were maintained in further studies of the 
first and second steps respectively. The above opti- 
mum conditions are incorporated in the procedure. 

3.4. Anulytical d&a 

The optical characteristics such as Beer’s law 
limits, molar absorptivity and percentage relative 
standard deviation for the method are given in 

Table 1. Regression analysis using the method of 
least squares was made to evaluate the slope (6), 
intercept (a), correlation coefficient (r) and stan- 
dard error of estimation (S,) [41,42] for each system 
and the values are found to be in the following 
order-SMX: 0.300, 1.25 x lo-‘, 0.9999 and 
1.65 x lo-‘; TTC: 0.100, 1.69 x lo-‘, 0.999 and 
2.33 x lo- 3; AMP: 0.132,0.05 x 10 ~ ‘, 0.9998 and 
2.87 x 10 ~ ‘; NIF: 0.076, 1.43 x 10 ~ 3, 0.9998 and 
2.07 x lo- ‘; INH: 0.139, - 0.55 x 10 - 3; 0.9999 
and 2.45 x 10V3; CYS: 0.182, - 1.33 x 10W3, 
0.9999 and 1.62 x lo-“; ASP: 0.174, 3.87 x 10V3, 
0.9997 and2.82 x 10V3; ARG: 0.050, 1.19 x 10W3, 
0.9999 and 1.45 x 10W3. 
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Table 1 
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Optical characteristics. prescision and accuracy 

Name of the bio-active 
compound 

Test amount in erg Parameters 

Beer’s law range 
(PE mL-‘) 

Molar Absorptivity Relative standard 
(L mol-’ cm-‘) deviation” (%I) 

Drugs: 
SMX 
T-K 
AMP 
NIF 
INH 
Amino acids: 
CYS 
ASP 
ARG 

20 0.2-1.6 7.5984 x 10” 0.78 
80 0.4 4.8 4.9292 x I O4 0.62 
80 0.4-3.6 3.1762 x IO4 0.45 

100 0.8-5.6 2.1546x IO4 0.87 
40 0.4-3.6 I.8171 x IO4 0.62 

50 
40 

200 

0.4-2.4 2.1780x IO” 0.62 
0.4-2.4 2.2942 x IO4 0.18 
1 .o-8.0 1.0533 x IO4 0.63 

~’ Average of six replicate samples. 

3.5. Inte~fkmces 

The commonly used excipients and additives in 
the formulations of drugs such as talc (up to 
250-fold excess (w/w) compared to the drug), 
starch (200-fold), boric acid (150-fold), stearic 
acid (50-fold), cetyl alcohol (lo-fold), glyceryl 
monostearate (30-fold). sodium lauryl sulphate 
(7-fold) and glycerin (IO-fold) do not interfere 
with the determination of the mentioned drugs by 
the proposed method. The method was applied 
for the estimation of drugs in pharmaceutical 
formulations and the results were compared with 
the reference methods for SMX [12], TTC [17], 
AMP [19], NIF [36] and INH [43] by the applica- 
tion of F- and t-statistics and it is observed that 
the results of the proposed method compared with 
the reference method within the 95% confidence 
level. 

The commonly existing amino acids in food 
proteins such as glycine (up to 13-fold molar 
excess compared to CYS or ASP); tyrosine (12- 
fold); alanine or leucine (1 l-fold): valine, 
isoleucine, glutamic acid, phenylalanine, tryp- 
tophan, proline or hydroxyproline (1 O-fold); ser- 
ine, threonine, glutamine or histidine (9-fold); 
lysine or hydroxylysine (S-fold); and arginine (0.5 
fold) do not interfere with the determination of 
ASP or CYS by the proposed method. However 
cystine or aspargine interferes in the proposed 

method even if present in minor amounts. With 
the available information an attempt has been 
made to apply the present method in the determi- 
nation of ASP in protein hydrolysates which do 
not contain CYS, cystine and aspargine. As p-lac- 
toglobulin and chymotrypsinogen have composi- 
tions which satisfy the above conditions, model 
mixtures [44] of these two protein hydrolysates are 
prepared by mixing the amino acids as for the 
following compositions. 

P-Lactoglobulin: alanine, 5.8 mg; arginine, 2.8 
mg; aspartic acid, 11.3 mg; glutamic acid, 18.4 
mg; glycine, 1.4 mg; histidine, 1.66 mg; leucine, 
15.2 mg; iso-leucine. 7.3 mg; lysine, 11.2 mg; 
methionine, 3.12 mg; phenylalanine, 3.6 mg; pro- 
line, 5.0 mg: serine, 3.8 mg; threonine, 5.2 mg; 
tyrosine, 3.87 mg; and valine, 6.2 mg. 

Chymotrypsinogen: alanine, 5.8 mg; arginine, 
2.7 mg; aspartic acid, 10.9 mg; glutamic acid, 7.4 
mg; glycine, 6.3 mg; histidine 1.16 mg; isoleucine, 
4.9 mg; leucine. 8.9 mg; lysine, 7.7 mg; methion- 
ine, 1.11 mg; phenylalanine, 3.77 mg; proline, 3.8 
mg; serine, 10.9 mg; threonine, 10.7 mg; tyrosine, 
2.69 mg; and valine, 10.3 mg. 

The results obtained in the proposed and refer- 
ence [32] methods for ASP determination in 
protein hydrolysates are also presented in Table 2. 

As an additional check of accuracy, recovery 
experiments were performed by adding a fixed 
amount of the compound (either drug or ASP) to 



Pharmaceutical Formulations: 
SMX 

Tablets 800 800.0 * 0.42 799.1 f 0.32 Metol-N-bromo succimmide 99.9 f 0.45 

(Vis. spectrophotometric method) [ 121 
TTC 

Tablets 250 749.3 5 0.39 248.7 & 0.28 100.8 f 0.50 
CapSldeS 750 249.6 i 0.34 249.3 & 0.32 Brucine-IO; 100.1 * 0.19 

(Us. spectrophotometric method) [I71 
Injections 500 501.0 k 0.46 499.9 & 0.34 100.0 i 0.42 

AMP 
Tablets 125 124.5 k 0.45 124. I + 0.32 3-Methyl-3-bebrothiazolinone 99.8 * 0.40 

hydrazone HCI-Fe”’ 
(Vis. spectrophotometric method) [I91 

NIF 

Tablets 50 49.9 i 0.51 49.6 & 0.48 3.Methyl-2-benzothlarolinone 100.3 _+ 0.50 

hydrazone HCI-Fe”’ 
(VIS. spectrophotometnc method) [36] 
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Table 2 
Analysis of pharmaceutical formulations and protein hydrolysates by the proposed and reference methods 
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Name of the sample Labelled amount (mg) t\mount found” (mgl Particulars of reference method ‘%t Recovery by 
proposed 

Proposed Reference methodb 

INH 
Tablets 

Protein hydrolysates: 

ASP 

/i-Lactoglobuhn 

Chymotrypsinogen 

50 49.9 f 0.35 

Il.3 I I .45 k 0. I5 
10.9 Il.11 iO.16 

49.7 f 0.34 Iodometry (Titrmxtry) [U] 101.1 kO.81 

II.51 *0.13 102. I i 0.08 

11.20 k 0. I4 Metol-NaOC1 101.6~0.10 

(Vis. spectrophotometric method) [32] 

* Average i standard deviation of six determinations. 
b Recovery of IO mg (pharmaceutical formulations) or 11.3 mg (p-lactoglobulin) or 10.9 mg (chymotrypsinogen) added to the 
pre-analysed sample (average of three determinations). 

a pre-analysed sample of either pharmaceutical 
formulation or model mixture of protein hy- 
drolysate. The results are summarized in Table 2. 
The statistical parameters presented in Table 2 
indicate that the proposed method does not differ 
significantly from the reference method of each 
compound. 

3.6. Chemistty 

CAT undergoes hydrolysis in aqueous acidic 
medium to give sodium hypochlorite followed by 
hypochlorous acid [4.5]. This reacts with the drug 
or amino acid to form the relevant oxidation 
products, probably a mixture, which appears to 
be reproducible under the specified experimental 
conditions. The remaining hypochlorous acid may 

be responsible for the bleaching of the colour of 
the dye. As the bio-active compounds in the 
present study are structurally dissimilar (possess 
different basic moieties and functional groups), 
the reactivity of CAT on each bio-active com- 
pound depends upon the vulnerable positions for 
its participation in oxidation. Sometimes, the oxi- 
dation under specified experimental conditions 
yields different products in varied proportions. 
So, the consumption of CAT varies from bio-ac- 
tive compound to bio-active compound. The mole 
ratios in the reaction between CAT and individual 
bio-active compounds under the experimental 
conditions for this method have been found to be 
7.5, 5.0, 3.0, 2.0, 2.0, 2.0, 2.5 and 1.0 for SMX, 
TTC, AMP, NIF, INH, CYS, ASP and ARG, 
respectively. 
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The bio-active compounds used in this study 
are representative of a larger class of bio-active 
compounds which react with CAT. The proposed 
method is advantageous when compared to many 
of the reported visible spectrophotometric meth- 
ods in having higher absorptivities. 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 method is sensitive enough to permit the 
determination of as little as 0.4 pg mL ~ ’ of the 
analytes except for NIF (0.8 pg rnL-- ‘) and ARG 
(1 .O pug mL ~ ‘). The present method is superior 
over many of the reported spectrophotometric 
procedures used for the analysis of these com- 
pounds for its high sensitivity with reasonable 
precision and accuracy, simplicity and applicabil- 
ity to the intact molecule directly. 
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Abstract 

The hexaanion of fullerene, C,,,h- , was obtained in 1:5 (v/v) acetonitrileetoluene mixture with a mercury 
hemispherical ultramicroelectrode as a working electrode at a temperature of up to 30°C. The CohP ion also can be 
observed under the same conditions. The differences between the redox potentials of C,, relative to C,, indicate that 
it is easier to add electrons to C,, and its anions compared to the counterparts of C& The results show that the 
mercury electrode is very suitable for investigation of the properties of the electrochemical reduction for the 
fullerenes, particularly C,,. at room temperature. 

Kcyvord.s: Electrochemical reductions; Fullerenes 

1. Introduction 

Since 1990 the unusual properties of the fullere- 
nes have caused a worldwide boom in the investi- 
gation of these systems. For example, according 
to the theoretical calculations, as this highly sym- 
metrical C,, molecule (I,,, the Icosahedral point 
group symmetry) has three-fold degenerate LU- 
MOs (the lowest unoccupied molecular orbitals) 
[l], it is expected that cyclic voltammetry of 
fullerenes would exhibit six one-electron reduction 
waves if sufficiently negative potentials are ap- 
plied. In fact C,,‘- and C,,“- have been gener- 
ated and detected in solution by electrochemical 
reduction of fullerenes under special conditions. 
Xie et al. [2] generated and detected the C6,6P 
and C,,‘- ions by electro-chemical reduction of 

* Corresponding author 

fullerenes in solution with a glass carbon electrode 
as a working electrode. They pointed out that the 
experimental temperature must be under 5°C in 
order to generate the C,,‘- ion by electrochemi- 
cal reduction. Later C,,6 - was also obtained at 
lower temperatures by other scientists [3-71. 
However, at room temperature, C,,“- cannot be 
obtained in solution by the electrochemical 
method because of the limits of the solvent in the 
negative potential range. 

As one would expect, the advantage of the large 
overpotential for hydrogen evolution makes mer- 
cury the material of choice for the cathodic pro- 
cess. It is expected that the sixth reduction wave 
of C,, can be observed at room temperature if a 
mercury electrode is selected as a working elec- 
trode. Therefore, the mercury hemispherical ultra- 
microelectrode served as a working electrode to 
investigate the behavior of the electrochemical 
reduction of fullerenes in this paper. The six re- 

0039.9140~96jSIj.00 8 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01879-6 
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duction waves of C,, have been obtained in 0.1 M 
Tetrabutylammonium hexafluorophosphate 
(TBAPF, ) acetonitrile-toluene (volume ratio, un- 
der 1:5) mixed solvent at a temperature of up to 
30°C for the first time. Under the same condi- 
tions, the voltammograms of fullerene, C,,, with 
six reduction waves also can be observed. The 
results show that the reduction of C,, and its 
anions are easier than the counterparts of C,,. 

2. Experimental 

2. I. Reagents 

The fullerenes were produced by a modified 
Kratschmer-Huffmam method [8]. From the mix- 
ture of products obtained by this technique C,, 
was extracted and purified respectively according 
to the references [9]. The purity was checked after 
separation by liquid chromatography [lo]. C,, ( > 
98%) was purchased from China Yin-Han 
Fullerene High-Tech. Co. Ltd. (Wuhan Univer- 
sity) and used as received. Acetonitrile (HPLC 
grade, Aldrich) was dried over 4A molecular 
sieves for 24 h. Then under argon it was refluxed 
over P,O, and distilled just before use. Toluene 
(HPLC grade, Sigma) was kept over CaCl, for a 
day. Then, under argon, it was refluxed over 
sodium for 10 h and distilled prior to use. The 
supporting electrolyte was TBAPF,, obtained by 
metathesis tetrabutylammonium bromide (99%, 
Aldrich) with potassium hexafluorophosphate 
(98%, Aldrich) in water. It was recrystallized twice 
from a water-ethanol mixture and dried in a 
vacuum over at 60°C. The solution was prepared 
under schlenk systems in argon. All supporting 
electrolyte was used at a concentration of 0.1 M 
in toluene-acetonitrile (5:l in volume). 

2.2. Instrumentation 

Electrochemical experiments were carried out 
using an air-tight three-electrode cell under an 
argon atmosphere. A platinum and a silver wire 
served as the counter and quasi reference elec- 
trode. The working electrode is a platinum ultra- 
micro-disk electrode (radius 10 pm) and mercury 

hemispherical untramicroelectrode (Hg(Pt)) pre- 
pared by electroplating mercury onto the above 
platinum ultramicrodisk electrode [ 111. Cyclic 
voltammetry (CV) and differential pulse voltam- 
metry (DPV) were performed with a BAS-100B 
electrochemical analyzer equipped with a low cur- 
rent preamplifier and Faraday cage. 

3. Results and discussion 

From the background, shown in Fig. l(a), a 
wider expansion of the available potential window 
down to - 3.4 V versus a ferrocenium/ferrocene 
(Fc +/Fc) redox couple (all potential reported in 
this paper are relative to a Fc+ /Fc couple) on a 
mercury hemispherical ultramicroelectrode was 
observed at 21.3”C with the use of a mixed sol- 
vent system. Under our experimental conditions 

/IIIIIIIIIl,, 1/1,,,,,,,,,,,,,,,,,,,,,,,, 
0.00 -1.00 -2.00 -3.00 -4.00 

E/V 

Fig. 1, (a) At 21.3”C, the cyclic voltammogram of the acetoni- 
trile-toluene (1:5 in volume) solvent mixture containing 0.1 M 
TBAPF,, in the absence of fullerenes, with a 5 mV s ’ scan 
rate, and the mercury hemispherical ultramicroelectrode as a 
working electrode. All potentials are relative to the Fc+:Fc 
couple. (b) The cyclic voltammogram of 0.539 mM C,, in 
above system; scan rate is 5 mV s- ‘; other experimental 
conditions are the same as those described in (a). (c) The cyclic 
voltammogram under the same conditions except for a scan 
rate of 1575 mV s- ‘, (d) The differential pulse voltammogram 
of C,,, (50 mV pulse, 30 ms pulse width, 300 ms period, 25 mV 
S -’ scan rate). 
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-2.94 - - -1.57 

I I I 1 

-0.50 1.10 

Fig. 2. The plots of E against log (i, - i)/i according to Fig. l(b). 
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the ferroceniumjferrocene redox potential is 0.41 
V relative to the silver quasi reference electrode. 
The use of a mercury electrode allowed the first 
observation of the six electron reductions of C,, 
at room temperature. At 21.3”C, the cylic voltam- 
mograms of a 0.539 mM solution of C,, in 5:l 
(v/v) toluene-acetonitrile at the mercury hemi- 
spherical ultramicroelectrode are shown in Fig. 
l(b) and (c). The differential pulse voltammogram 
is presented in Fig. l(d). Six reduction processes 
are clearly resolved and are assigned to the gener- 
ation of the - 1, - 2, - 3, - 4, - 5, and - 6 anions 
of c,,. According to Fig. l(b) the plots of E 
versus log (i, - i)/i for six redox couples of C,, 
are all straight lines (Fig. 2) with slopes of 57, 60, 
58, 57, 61 and 54 mV, which show that the six 
one-electron electrochemical reduction procedures 

of Go are performed. The values of the half 
potential, E,12, obtained from the intercepts of 
these lines are - 1.03, - 1.44, - 1.94, - 2.42, - 
2.91 and - 3.28 V. The values of E,:, are close to 
those previously reported in literature [12]. The 
minor reduction wave at - 2.65 V may be due to 
an electroactive impurity in the C,, starting mate- 
rial [13]. 

According to Fig. l(d) the peak potential differ- 
ences between the anodic and cathodic processes 
are 33, 33, 41, 41, 41 and 56 mV successively from 
the first to the sixth redox couple of C,,. The ratio 
of peak cathodic current and peak anodic current 
are 0.95, 0.87, 0.93, 1.05, 1.19 and 1.70 respec- 
tively. It is shown that first five reductions are 
more reversible than the sixth one. 

Under the same conditions, similar results for 
the reduction of C,, were also obtained (Fig. 3). 
The values of the DPV peak potentials for the six 
waves of the cathodic proedure of C,, are - 
1.00, - 1.40, - 1.84, - 2.27 and - 3.16 V, which 
are similar to those reported in Ref. [2], but 
different from the values of C,,. According to Fig. 
l(d), the values of the DPV peak potential for the 
six reduction waves of C,, are - 1.03, - 1.44, - 
1.93, - 2.41, - 2.91 and - 3.27 V respectively. The 
differences between the redox potentials of C,, 
relative to C,, indicate that it is easier to add 
electrons to C,, and its ions compard to the C,, 
counterparts, especially for higher charged ions. 
The further investigation of the properties of elec- 
trochemical reduction of C,, is currently under- 
way. 
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0.83nA 

o.om -0.50 -1.00 -1.50 -2.00 -2.50 -3.00 -3.50 

E/V 

Fig. 3. (a) The cylic v*oltammogram for CT,, recorded in 0.1 M 
TBAPF, acetonitrile- toluene (I:5 v/v) at 31.3”C on a mercury 
hemispherical ultromicro-electrode. Scan rate is IO V s ‘. (b) 
The differential pulse voltammogram of C,,, in the above 
system (50 mV pulse. 30 ms pulse width, 300 ms period, 25 mV 
S ~’ scan rate). 

Only four reduction waves of C,, on a platinum 
ultramicrodisk electrode are shown at 21.3”C 
(Fig. 4). This is due to the negative potential 
limits for the platinum electrode in the solution. 
However, for the mercury electrode the six reduc- 
tion waves of C,, can be obtained (Fig. 5) even at 

-I- 
5nA 

1. 

(0) 

l~lll.lllll,,,,,,,,,l,,,,,,,,,(,, 
0.00 

J 
-1.00 -2.00 -3.00 -4.00 

E/V 

Fig. 4. (a) The cyclic voltammogram of C,,, under the same 
conditions as those in Fig. I (c) except for the use of a 
platinum ultramicrodisk electrode as a working electrode and 
a 100 mV s- ’ scan rate. (b) The DPV curve of C,,, at the 
platinum ultramicrodisk electrode. Other experimental condi- 
tions are the same as those in Fig. l(d). 

Fig. 5. (a) At 30°C the cyclic voltammogram of C,,, at the 
mercury hemispherical ultramicroelectrode (scan rate 1 V s - ‘; 
other conditions are the same as those in Fig. l(b). (b) The 
DPV curve of C,,, (at 30°C: other conditions are the same as 
those described in Fig. I(d)). 

30°C. It is clear that the mercury electrode is 
suitable for studying the behavior of the electro- 
chemical reduction of the fullerenes even at 30°C 
in our experimental conditions. 

In conclusion, this paper presents the electro- 
chemical formation of C,,,6P at room tempera- 
ture by the use of a mercury hemispherical 
ultramicroelectrode. However, the current of the 
sixth reduction wave of C,, is significantly greater 
than that of the other five reduction waves. The 
reason may be a chemical follow-up process, 
which will return C,,6 to C,,‘~ . Normally 
spurious electrophilic impurities, such as trace 
water, trace oxygen, or even supporting elec- 
trolyte, trigger the chemical reaction of highly 
charged anions. The mechanism of the chemical 
reaction can not be confirmed at this stage. Our 
further investigation will focus on the mechanism 
of this process. In contrast, the current of the six 
reduction waves for C,,, are similar to each other, 
which indicate the stability of C,,‘~ is better 
than C,,,6P Xie et al. [2] have pointed out that 
the sixth reduction wave of C,, at 25°C can be 
obtained with the glass carbon electrode as the 
working electrode while the counterpart wave of 
C,, can not be obtained at this temperature. In 
this paper. with a mercury electrode as the work- 
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ing electrode, the six waves for both C,, and C,, 
were obtained at room temperature. In summary, 
the mercury electrode is very suitable for the 
study of the electrochemical properties of the 
fullerenes at room temperature. 
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Abstract 

The conductometric titration of thiosulfate with silver ions using non-conventional conductivity cells is described. 
For this purpose conductivity cells with different cell constants and electrode constructions, equipped with silver, 
amalgamated silver, stainless-steel and polished platinum electrodes were used. Two well-resolved break-points were 
observed at 1: 1 and 2: 1 silverjthiosulfate stoichiometries. Accurate conductometric determinations can be made, using 
the second break-points of the titration curves as equivalence points, in the range of thiosulfate concentrations 
10 ~ ‘- 10 -- * M. Reverse titrations are less accurate. 

Keywords: Conductivity cell: Thiosulfate; Titration 

1. Introduction 

The determination of sulfur-containing anions 
has generally been performed by argentometric or 
mercurimetric titration with potentiometric end- 
point detection, using sulfide-sensitive membrane 
electrodes, or mercury, silver, and carbon indica- 
tor electrodes [l-5]. The conductometric end- 
point detection of an argentometric titration of 
thiosulfate was not recommended by Kolthoff in 
his classical monograph [6], because during the 
titration irregular conductivity variations were ob- 
served. This is due to the use of conductivity cells 
equipped with platinized platinum electrodes. In 

titration systems where precipitates are formed, 
classical conductivity cells cannot be used. Using 
non-conventional conductivity cells proposed by 
the authors, considerable conductivity variations 
were observed in the course of titrations. For this 
purpose we studied the behavior of some new- 
type conductivity cells in argentometric titrations 
of thiosulfate equipped with silver, amalgamated 
silver, stainless-steel [7- lo] and polished platinum 
electrodes. These cells were used with good re- 
sults, giving particular curves in titrimetric deter- 
mination of Cl- and I- ions [ll]. In the course 
of the titrations the pH variations were also deter- 
mined. 

* Corresponding author. 

0039-9140/96/$15.00 Q 1996 Elsevier Science B.V. All rights reserved 
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G(mS) 

a b 

Fig. I. Conductivity cells for measurement with low-frequency 
alternating current. (a) Ring type: (I). cell body: (23) elec- 
trodes; (4), connection (for flow); (5) handle; (6) screened 
cable; (7) O-ring; (8), epoxy resin. (b) Spiral type: (I), cell 
body; (2) electrodes: (3). bell protection; (4) screened cable. 

2. Experimental 

2.1. Apparatus 

A Radelkis OK/102 type conductometer (Hun- 
gary) was used, equipped with two kinds of 
monoaxial dip-type conductivity cells. The labora- 
tory-made cells employed in conductometric titra- 
tions had the following different electrode 
constructions. 

Ring type. This type contains three stainless- 

Table I 
Characteristic data for the conductivity cells 

Electrode feature Cell constant (cm- ‘) 

Polished platinum spiral, 
1~15 mm 

Silver spiral I = l5mm 
I= IOmm 

Amalgamated silver spiral, 
1=15mm 

Stainless-steel ring 

0.0625 

0.0753 
0.715 
0.0713 

0. I32 

0 1 2 3 4 

moles of silver/moles of thiosulfate 

Fig. 2. Conductometric titration curves of 50 ml 5 mM 
Na,S,O, with 0. I M AgNO, using conductivity cells equipped 
with amalgamated silver (AggHg). silver (Ag) and stainless- 
steel electrodes. 

steel rings in a polypropylene body (Fig. la). 
Spiral type. This type was made of two silver, 

amalgamated silver or platinum wires of 0.4 mm 
diameter and different lengths (1= 15 mm, 10 
mm) (Fig. lb). 

The amalgamation of the silver electrode was 
done with doubly-distilled mercury. Characteristic 
data for the conductivity cells are reported in 
Table 1. 

A pH-100 Otopeni-type digital pH meter (Ro- 
mania), equipped with a glass electrode and a 
saturated calomel electrode with a salt bridge (1 
M sodium nitrate) was used for the determination 
of pH values in the course of titrations. The 
conductance and potential values were read at 
fixed time intervals of 60 s after each titrant 
portion was added. 

50 ml thiosulfate samples of 10-2-10P4 M 
concentration were titrated with 10 ~ ‘- 10 P2 M 
solutions of AgNO,. The titrant was added in 0.5 
or 0.1 ml portions with magnetic stirring. 
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All titrations were performed at room tempera- 
ture (23 k 2°C). During the titrations the tempera- 
ture variations did not exceed f 0.2”C. 

2.2. Reagents 

All reagents (analytical grade) were purchased 
from Reactivul Chemical Co. (Bucharest, Roma- 
nia). Silver nitrate solutions were standardized by 

Table 2 
Conductometric titration data of thiosulfate with silver nitrate 
at a 1: 1 ratio of Ag:S,O, 

Electrode Taken Found” Relative error 
materials (mg ml-‘) (mg ml-‘) (‘vu) 

Ag 0.0249 0.2050 0.40 
0.2496 0.2474 -0.88 

Ag-Hg 0.0243 0.0242 -0.41 
0.2494 0.2513 0.76 

Pt 0.0249 0.0248 -0.40 
0.2496 0.2467 -1.16 

Stainless-steel 0.2503 0.2480 -0.92 

a Mean of three determinations. 

Table 3 
Conductometric titration data for thiosulfate with silver ni- 
trate at a 2:l ratio of Ag,S20J 

Electrode Taken Found” Recovery RSD 
materials (mg ml r) (mg ml-- ‘) (“Y0) (‘l/u) 

& 0.0249 0.025 I 100.8 0.5 
0.2496 0.2519 100.9 0.3 
2.4913 2.5006 100.4 0.2 

&-Hg 0.0243 0.0244 100.4 0.8 
0.2494 0.2506 100.5 0.7 
2.4901 2.4987 100.4 0.5 

Pt 0.0249 0.0250 100.4 0.2 
0.2496 0.2521 101.0 0.3 
2.4960 2.5210 101.0 4.4 

Stainless-steel 0.0245 0.0246 100.4 0.6 
0.2503 0.2522 100.8 0.4 
2.4963 2.5094 100.5 0.6 

a Average of three determinations. 

potentiometric titration with sodium chloride. 
Sodium thiosulfate solutions were standardized 
iodometrically in the usual way. 0.1 M stock 
solutions were used and diluted as required. 

3. Results and discussion 

Some examples of titration curves are shown in 
Fig. 2. Two distinct, sharp end-points were ob- 
tained at 1: 1 and 2: 1 silver/thiosulfate ratios. In 
the first part of the curves the conductance values 
decrease slightly, corresponding to the formation 
of thiosulfate complex ions [Ag(S,O,),]’ - 2$ x = 
1-3. These complex ions have lower mobilities 
than the noncomplexed thiosulfate ion. 

The recoveries calculated from the first equiva- 
lence points are satisfactory only in solutions 
more dilute than 10 ~ ’ M. Some analytical results 
are reported in Table 2. Above concentrations of 
10 - ’ M, the first equivalence point shows an 
error of about + 12%. 

GfmS) E(mV) 
I 

2- 
160 

I.@ 120 

0.5 40 

stainless std 

0 ‘0 

0 1 2 s 4 

moles of silver/moles of thiosulfate 

Fig. 3. Conductometric and potentiometric titrations of 50 ml 
1 mM Na&O, with 0.1 M AgNO, using conductivity cells 
equipped with amalgamated silver (AggHg), platinum (Pt), 
stainless-steel and glass (pH-GE) electrodes. 
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G(mS) 

03 
0 0.5 1 1.5 

moles of thiosulfatelmoles of silver 

Fig. 4. Conductometric titration of 50 ml I mM AgNO, with 
0.1 M Na,S203 using conductivity cells equipped with amalga- 
mated silver (AgHg), platinum (Pt) and stainless-steel elec- 
trodes. 

Following the addition of titrant after the 1:I 
Ag/S,O, ratio end-point, the curves show a very 
sharp increase of conductance values due to the 
formation of sulfuric acid. The formation of sul- 
furic acid proceeds on the basis of the following 
catalytic reaction [2]: 

AgS,O, + Ag+ + H,O = Ag,S + H,SO, 

The catalytic effect can be attributed to the ac- 
tion of both Ag + and H,O + ions. 

At the 2:l ratio of AgS,O, end-point a well- 
resolved break-point is observed corresponding 
to the completion of the silver sulfide precipita- 
tion. An excess of titrant, increasing the concen- 
tration of silver nitrate in solution, increases the 
conductance values. Of the conductivity cells 
studied the amalgamated silver cells have the 
greatest sensitivity, followed by the silver cells; 

the stainless-steel cells have the lowest sensitiv- 
ity. The equivalence points obtained at room 
temperature coincide well with the theoretical 
ones (Table 3). 

The acidity of solution increases in the course 
of titrations; after the 2:l ratio of Ag/S,O, end- 
point the pH of the solution remains practically 
constant (Fig. 3). 

Three illustrative curves for the reverse titra- 
tions are shown in Fig. 4. The conductometric 
titration curves show increasing character from 
the start and present only one well-resolved 
break-point at the 1:2 S,O,/Ag ratio. 

Some other species, e.g. halides, cyanides, 
thiocyanates and cyanates, may cause interfer- 
ence at about 10 -- ’ M concentrations. 

In this work we have come to the conclusion 
that it is possible to titrate thiosulfate ions with 
silver nitrate by means of a conductometric 
method using non-conventional conductivity 
cells. The recoveries listed in Table 3 in terms of 
amounts of thiosulfate taken and recovered are 
reasonably good, with an error of < l%, with 
the exceptance of the conductivity cell equipped 
with platinum electrodes. 
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Abstract 

Three sensitive and accurate spectrophotometric methods are presented for the determination of the antihistaminic 
acrivastine (ACR) in capsules and urine. The first method utilizes the reaction of 2-nitrophenylhydrazine hydrochlo- 
ride in presence of dicyclohexylcarbodiimide and pyridine. The violet colour of the resulting acid hydrazide is 
measured at 550 nm. The second method is based on alkaline oxidation of the drug with potassium permanganate and 
subsequent measurement of the formed manganate ion at 608 nm. The third method uses derivative spectrophotome- 
try for the determination of ACR. The last method is extended to the in vitro determination of the drug in urine. All 
methods gave a relative standard deviation of less than 2%. 

KeJ+vouds: Acrivastine; Derivative spectrophotometry; Urine 

1. Introduction 

Acrivastine (ACR), (E,E) - 3 - { 6 - [ 1 - (4 -methyl- 
phenyl) - 3 - ( 1 - pyrrolidinyl) - I- propenyl] - 2 -pyridi- 
nyl)-2-propenoic acid. is a potent competitive his- 
tamine H,-receptor antagonist. The drug lacks 
significant anticholinergic effects, and has a low 
potential to penetrate the central nervous system [l] 
owing to the presence of the polar acrylic acid 
side-chain in the molecule. The literature reveals 
only one paper concerning the determination of 
ACR and its metabolite in human plasma using 
GC-MS [2]. 

* Corresponding author. 

2-Nitrophenylhydrazine hydrochloride (2- 
NPH HCI) has been used for the determination of 
a wide range of aliphatic and aromatic acids in 
aqueous ethanol in the presence of pyridine and 
recently this method has been used for the determi- 
nation of several drugs [3,4]. Alkaline KMnO, is 
used for the oxidation of organic compounds 
containing different unsaturated centres [5]. The use 
of derivative spectrophotometry in the analysis of 
pharmaceutical matrices and biological samples is 
well established, especially its potential for the 
elimination of interfering substances such as addi- 
tives, excipients and endogenous substances [6,7]. 

The aim of this work was the development of 
simple and sensitive analytical methods for the 

0039.9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 

PII SOO39-9140(96)01901-7 
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assay of ACR capsules, utilizing its reaction 
with 2-NPH. HCI in the presence of dicyclo- 
hexylcarbodiimide (DDC) and pyridine and also 
through oxidation with alkaline KMnO,. Fur- 
thermore ACR was determined both in its 
dosage form and in urine by using first- and 
second-derivative spectrophotometric measure- 
ments. 

2. Experimental 

2.1. Appurutus 

A Perkin-Elmer Model 550s UV-VIS double- 
beam spectrophotometer with 1 cm quartz cu- 
vettes and a Hitachi Model 561 recorded were 
used. The following operating conditions were 
used: scan speed, 120 mm min - ‘; chart speed, 
60 mm min ~ ‘; D, = (dA/di.); D2 = (d2A ld/i2); 
and scan range 400-250 mm. The minimum and 
maximum ordinate settings were selected to 
record the maximum amplitude of the most con- 
centrated standard solution at not less than 80% 
of the recorder full-scale deflection (25 cm). 

2.2. Muteriuls 

All materials used were of analytical grade. 
Acrivastine (ACR) authentic sample and Sem- 
prax capsules (Amriya for Pharmaceutical In- 
dustries under license from the Wellcome 
Foundation, London, labelled to contain 8 mg 
of ACR per capsule) were used. 

2.3. Reagents and solutions 

The following solutions were prepared: 1% 
(w/v) KMnO, in distilled water; 0.24 M 2- 
NPH. HCl solution, by dissolving 0.456 g of 2- 
NPH. HCl in 100 ml of ethanol; 0.25 M DCC 
solution by dissolving 0.516 g of DCC in 100 
ml of ethanol; 5.6% (v/v) pyriding solution, by 
diluting 5.6 ml of pyridine with ethanol to 100 
ml; and lOoh ethanolic KOH solution, by dis- 
solving 10 g of KOH in 5 ml of distilled water 
and diluting to 100 ml with ethanol. 

2.4. Prepurotion of culibration gruphs 

2.4.1. 2-NPH . HCI method 
Dissolve 50 mg of ACR in 100 ml of ethanol. 

Pipette aliquot volumes ranging from 0.5 to 1.0 
ml (in 0.1 ml steps) into 10 ml volumetric flasks, 
to each add 1 ml each of the 2-NPH. HCl, 
pyridine and DCC solutions and stopper the 
flasks. Heat at 80°C for 10 min, then add 0.5 
ml of lOoh ethanolic KOH solution, heat the 
flasks for 5 min at 6O”C, then cool to room 
temperature and dilute to volume with ethanol. 
Measure the absorbance against a reagent blank 
at 550 nm. 

2.4.2. KMnO, method 
Dissolve 25 mg of ACR in 100 ml of 0.1 M 

H, SO,. Pipette aliquot volumes ranging from 
0.2 to 0.6 ml (in 0.1 ml steps) into 10 ml volu- 
metric flasks, to each add 1 ml of 1 M NaOH 
and 0.3 ml of 1% KMnO, and mix. Dilute to 
10 ml using distilled water. Measure the ab- 
sorbance in 1 cm cells against a reagent blank 
at 608 nm. 

2.4.3. Derivative spectrophotometric method 
Dissolve 25 mg of ACR in 100 ml of 0.1 M 

NaOH. Pipette aliquot volumes ranging from 
0.1 to 0.4 ml (in 0.1 ml steps) into 50 ml volu- 
metric flasks and dilute to volume with 0.1 M 
NaOH solution. Record the D, and D, values at 
the recorded /i (Table 1). 

2.5. Procedure for capsules 

2.5.1. 2-NPH. HCI method 
Place an accurately weighed portion of the 

mixed contents of the capsules equivalent to 50 
mg of ACR in a beaker, extract with ethanol, 
filter into a 100 ml volumetric flask and dilute 
to volume with ethanol. Proceed as descibed in 
Section 2.4.1. 

2.5.2. KMnO, method 
Place an accurately weighed portion of the 

mixed contents of the capsules equivalent to 25 
mg of ACR in a beaker and extract with ca. 20 
ml of chloroform. Filter into a 100 ml volumet- 
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Scheme I. 

ric flask, dilute to volume with chloroform and 
mix. Transfer 0.2-0.6 ml (in 0.1 ml steps) into 
separate 10 ml volumetric flasks. Evaporate to 
dryness and dissolve the residue in 1 ml of 0.1 
M Hz SO,. Proceed as described in Section 
2.4.2. 

2.5.3. Deriwtiue method 
Place an accurately weighed portion of the 

mixed contents of the capsules equivalent to 25 
mg of ACR in a beaker, extract with 0.1 M 
NaOH. filter into a 100 ml volumetric flask and 
dilute to volume with 0.1 M NaOH. Proceed as 
described in Section 2.4.3. 

2.6. In citro determination of ACR in urine 

Dissolve 25 mg of ACR in 100 ml of 0.1 M 
H, SO,. Transfer aliquot volumes ranging from 
0.1 to 0.4 ml (in 0.1 ml steps) into sets of sepa- 
rating funnels each containing 2 ml of urine and 
extract with 5 ml of chloroform. Transfer the 
chloroform extracts into 50 ml volumetric flasks, 
evaporate to dryness, dissolve the residue in 0.1 
M NaOH and dilute to volume with 0.1 M 
NaOH. Record the D, and D, values. 

3. Results and discussion 

3.1. 2-NPH . HCl method 

Containing a carboxylic group. ACR reacts 
with 2-NPH. HCI in the presence of DCC and 
pyridine to form the corresponding acid hy- 
drazide derivative. The reaction mechanism is il- 
lustrated in Scheme 1 [8]. 

The violet colour of the resulting acid hy- 
drazide was measured at 550 nm. The experi- 
mental conditions were optimized to achieve 

Table I 
Analytical parameters for the determination of ACR using the proposed spectrophotometric methods 

Method Concentration range Wavelength, Linear regression Correlation RSD” Apparent 
WE ml-‘) 

l;lm) 
coetkient, (‘X,) molar absorptivity. 

Intercept Slope (r) c (1 molF’ cm-‘) 

c(J) (h) 

KMnO, 5-15 
2-NPH’ HCI 25 -50 
Derivative spectrophotometry: 

D, 0.5-2.0 
& 0.5-2.0 

608 0.032 0.05 I4 0.9989 I.5 17907.76 
550 -0.012 0.01 I4 0.9993 I.3 3971.76 

315 0.125 IO.55 0.9993 1.2 
268 -0.25 12.65 0.9999 0.9 

’ Relative standard deviation (n = 5) 
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high sensitivity, a low blank reading and high 
colour stability, as described previously [3,4]. 

3.2. KMnO, method 

Alkaline permanganate is a known reagent for 
the hydroxylation of alkenes. This process is 
thought to proceed via cyclic permanganic es- 
ters, and finally to lead to the formation of a 
1,2-diol and other oxidation products [5]. Thus, 
ACR was oxidized, owing to the presence of 
unsaturated centres, by KMnO, in alkaline 
medium. Under the conditions used, the result- 
ing green manganate ion (MnO,‘- ) was mea- 

0. 
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l- 

\ 
\ 

\ 
1 I I I -- 

550 590 630 670 710 
(nn) 

Fig. I. Absorption spectra for the coloured reaction product of 
12.5 ,~lg ml ’ ACR with KMnO, solid line. Dashed line, 
reagent blank. 

sured spectrophotometrically at its &,,,, of 608 
nm (Fig. 1). 

The experimental conditions were studied and 
it was found that a KMnO, concentration of 30 
pg per ml of the final assay solution was opti- 
mum (Fig. 2). 

3.3. Deviaatiw method 

The zero-order, first-derivative and second- 
derivative spectra of ACR in 0.1 M NaOH are 
presented in Fig. 3. The two analytic1 wave- 
lengths of 315 nm (for D, ) and 268 nm (for 
D, ) were selected on the basis of reasonable 
sensitivity and reproducibility. 

The sensitivity of the derivative methods al- 
lowed its application in the concentration range 
0.5-2.0 ,ag ml- ‘, whereas the direct A,,, did 
not give satisfactory results in this concentration 
range. Linear plots of the measured derivatives 
values versus concentration in the range stated 
in Table 1 were obtained with negligible inter- 
cepts. Such a finding encourages the use of 
derivative methods for the assay of ACR in 
capsules (Table 2). 

Regression analysis of the results obtained by 
the three methods using the method of least 
squares to calculate the slope (b), intercept (a) 
and correlation coefficient (r) are presented in 
Table 1. Replicate determinations at different 
concentration levels of the drug were carried out 
to test the precision and reproducibility of the 
proposed methods. The relative standard devia- 
tions were found to be less than 2% (Table 1). 

10 30 50 

KMn04 cont. (q//ml) 

Fig. 2. Influence of KMnO, concentration on the colour 
intensity developed from 12.5 peg ml - ’ ACR. 
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Fig. 3. (a) Zero-order (10 pg ml ‘) and (b) first-derivative and (c) second-derivative (2 /lg ml ‘) spectra of ACR in 0.1 M NaOH. 

The proposed methods were applied to the 
determination of ACR in capsules. The res- 
ults obtained were both precise and accurate 
(Table 2). 

3.4. In vitro determination of ACR in urine 

It has been reported that 84% of the ACR 
dose was recovered in urine, predominantly in 
the unchanged form of the drug [9]. The above- 
described derivative spectrophotometric methods 
(0, and D2) were used for the in vitro determi- 
nation of ACR in urine. Direct measurements of 

Table 2 
Determination of ACR in capsules using the proposed spec- 
trophotometric methods 

spiked urine gave a positive error. This error 
was corrected by prior extraction of the urine 
with chloroform. The results obtained (Table 3) 
indicated that the procedure was effective and 
reproducible. 

In conclusion, the 2-NPH. HCI reaction is a 
specific method for the determination of the car- 
boxylic group moiety of ACR. Hence the 
method may be utilized for stability studies of 
the drug. On the other hand, the KMnO, 
method is a general and simpler method for the 
determination of ACR through oxidation of the 
unsaturated centres of the drug. The derivative 
method was found to be more sensitive than the 
other two methods and was applied to the de- 
termination of ACR in urine. 

Method Found” i SD (‘I%) t h Fh 

KMnO, 100.1 +0.94 
?-NPH HCI 100.0 * 0.37 
Derivativ*e spectrophotometry: 

D, 100.14 +0.27 
& 100.1 f 0.35 

A ,lld’L 100.2 f 0.65 
measuremenV 

0.1970 2.09 
0.598 I 3.086 

0.1960 5.796 
0.3029 3.449 

a Average of five determinations. 
‘Theoretical values: I = 2.26 and F = 6.26 at p = 0.05. 
‘The proposed methods were compared with the conventional 
spectrophotometric method (A,,,). 

Table 3 
Precision and recovery for the determination of ACR in spiked 
human urine 

Added 

(pg ml-‘) 

Recovery (‘Xt) RSD (‘WI) 

0.5 98 1.0 
1.0 99.7 0.3 
1.5 100.7 0.2 
2.0 101.3 0. I 

” Mean of five experiments 
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Abstract 

A major problem with spectrophotometric methods for nickel is cobalt interference, because many of the reagents 
for nickel also react with cobalt. In this work, the interference of cobalt in the determination of nickel using 
2-(5-bromo-2-pyridylaxo)-5-diethylaminophenol (Br-PADAP) was eliminated by the use of derivative spectrophoto- 
metry, using the zero-crossing method Tar evaluation of the derivative signal. Br-PADAP reacts with nickel(I1) in 
the presence of Triton X-100 to form a red complex with absorption maxima at 530 and 562 nm. The reactions 
parameters and the conditions for the measurements of the first-derivative signal were studied and the results 
demonstrated that using the derivative technique. Br-PADAP can be used for nickel determination with a selectivity 
higher than that of ordinary spectrophotometry and with a limit of detection of 0.2 ng ml - ‘. The pH should be in 
the range 5.0-6.0 using an acetate buffer. The determination of nickel in the presence of cobalt was performed with 
conventional and derivative procedures. and the results demonstrated that only the derivative method should be 
used and, of the methods used for evaluation of the derivative signal, the zero-crossing method is the best. The 
proposed procedure was used for nickel determination in steels standards. The results demonstrated that the 
procedure has satisfactory accuracy and precision. Cobalt interference can be also eliminated by using dual-wave- 
length spectroscopy. 

Kqwords: Br-PADAP; Cobalt interference; Derivative spectrophotometry; Nickel 

1. Introduction 

One of the major problems with spectrophoto- 
metric methods is cobalt interference during the 
determination of nickel, because many of the 

reagents for nickel also react with cobalt. Normally 
[1,2] this interference is eliminated by procedures 
involving operations such as extraction, ion ex- 
change and precipitation of nickel with dimethyl- 
glyoxime. In the present paper, we propose a 
procedure using 2-(5bromo-2-pyridylazo)-5-di- 

* Corresponding author. Fax: (55) 71-237-4117 or (55) 71- ethylaminophenol (Br-PADAP) for nickel determi- 
235-5166. nation with derivative spectrophotometry to 

0039-9140/96/$15.00 Q 1996 Elsevier Science B.V. All rights reserved 
PI1 SOO39-9140(96)01919-4 
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increase of the selectivity. This method allowed the 
determination of nickel in the presence of cobalt 
without the need for chemical separation. The 
proposed method is simple, highly selective, repro- 
ducible and involves little reagent manipulation. 

Br-PADAP is a good spectrophotometric 
reagent for nickel determination (e= 1.22 x IO5 1 
molt ’ cm ~ ‘), and has been used for nickel deter- 
mination in aluminium alloys and nickel electro- 
plating waste-water [3] and in our laboratory for 
the simultaneous determination of nickel and iron 
in copper-base alloys [4]. In both studies major 
cobalt interference was reported. Jarosz [5] used 
Br-PADAP as spectrophotometric reagent for 
nickel and separated it from cobalt using 
dimethylglyoxime. 

Others procedures have been described for 
nickel determination by derivative techniques. 
Ishii et al. [6] used second-derivative spectropho- 
tometry for the determination of micro-amounts 
of nickel with methylfurfural l-phthalazinohydra- 
zone as reagent. The procedure was proposed for 
nickel determination in the presence of cobalt, the 
cobalt interference being eliminated by formation 
of the cobalt(II1) ammine complex or by extrac- 
tion in the form of a thiocyanate complex. The 
surfactant Triton X-100 was used for solubiliza- 
tion of the reagent. Malinoswska and Kasiura [7] 
used 2-(2-thiazolylazo)-1-naphthol for nickel de- 
termination in the presence of several cations, the 
procedure being based on extraction of the resul- 
tant complex with chloroform. Murillo et al. [8] 
proposed the simultaneous determination of 
nickel and cobalt by first-derivative spectrophoto- 
metry using 1 -hydroxy-2-carboxyanthraquinone 
as reagent; the derivative technique (zero-crossing 
method) allowed higher selectivity. Another pro- 
cedure [9] was proposed for the simultaneous 
determination of nickel, zinc and copper by sec- 
ond-derivative spectrophotometry using 1-(2- 
pyridylazo)-2-naphthol as reagent. A procedure 
for the simultaneous determination of nickel and 
copper by third-derivative spectrophotometry us- 
ing sodium cyanide [lo] was proposed. These 
methods all have sensitivity lower than that with 
Br-PADAP. 

2. Experimental 

2. I, Rragrn ts 

All reagents were of analytical-reagent grade 
unless stated otherwise. 

Nickel(H) solution (1000 pug ml - ‘) was pre- 
pared by dissolving pure nickel (99.99%) in dilute 
nitric acid with heating and dilution to 1 1 with 
demineralized water. 

Br-PADAP solution (0.025%) was prepared by 
dissolving 0.0625 g of the compound (Aldrich) in 
10 ml of ethanol and 100 ml of Triton X-100 
solution (8%) and diluting to 250 ml with dem- 
ineralized water. 

Buffer solution (pH 5.25) was prepared by mix- 
ing 103.3 g of sodium acetate trihydrate and 14.1 
ml of glacial acetic acid in 1 1 of demineralized 
water. 

Sodium thiosulfate solution (10%) was prepared 
by dissolution of 10.0 g of sodium thiosulfate 
pentahydrate in and dilution to 100 ml with dem- 
ineralized water. 

EGTA solution (0.001 M) was prepared by 
dissolving ethylene glycol-2-(2-aminoethyl)tetra- 
acetic acid (Merck) in water. 

2.2. Appuratus 

Absorption spectra, first-derivative spectra and 
absorbences were measured with a Varian DMS- 
100 spectrophotometer and a Grafix FX-100 
printer and a Perkin-Elmer Lambda 19 UVVIS/ 
NIR spectrometer with an Okidata Microline 320 
printer, using a 1.0 cm cells. 

A 300 Analyser pH meter was used to measure 
pH values. 

2.3. Procrdwr 

Transfer a portion of solution containing 1.00 
pg of nickel(II) into a 25 ml standard flask and 
add 2.5 ml of acetate buffer (pH 5.25) and 1.0 ml 
of Br-PADAP solution. Mix and dilute to the 
mark with water. After 50 min, record the first- 
derivative spectrum from 800 to 400 nm against 
an appropriate blank at a scan speed of 400 nm 
min ’ and a slit width of 4 nm. Determine the 
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Fig. 1. Effect of pH on the Ni(II)-Br-PADAP system. Reference, reagent blank. [Ni(lI)] = 0.08 /lg ml ‘. 

nickel content from the first-derivative spectrum 
by measuring first-derivative signal at 573 nm 
(zero-peak method) or at 563 nm (zero-crossing 
point for cobalt) and comparing the value ob- 
tained with an appropriate calibration curve. The 
wavelengths of the zero-peak and zero-crossing 
points quoted are those obtained in this work, 
and these values should be established indepen- 
dently for other instruments as part of the calibra- 
tion procedure. 

3. Results and discussion 

3.1. Chmuctrristics oj’ the rruggent and the 
con1plex 

The reaction of Br-PADAP with nickel(II) 
cation in the presence of Triton X-100 forms a red 
complex with absorption maxima at 530 and 562 
nm and a composition of I:2 nickel(II)-Br- 
PADAP. The absorbance of the complex reaches 
a maximum 50 min after mixing the reagents and 
is stable for at least 24 h. The Br-PADAP reagent 
has an absorption maximum at 487 nm (at pH 
5.25). It and its nickel(I1) complex have low solu- 
bility in water but the reaction in the presence of 
Triton X-100 overcomes this inconvenience. 

The order of addition of reagents was studied 
and the results demonstrated that it did not affect 
complex formation. 

3.2. EfJ;ct of’pH 

The effect of pH on the nickel(II))Br-PADAP 
system was studied and the results demonstrated 
that the derivative signal is maximum and con- 
stant in the pH range 5.0-6.0, as can be seen in 
Fig. 1. The effect of the buffer concentration on 
the nickel(II)-Br-PADAP complex was studied 
and the results demonstrated that it does not 
affect the derivative signal when the buffer is in 
the concentration range 0.10-0.40 M in acetate. 

3.3. Ej@c.t of Triton X-100 surfuctant on the 
nickel(IIjpBr-PADAP .system 

Br-PADAP and its nickel(I1) complex have low 
solubility in water, this is overcome by using 
Triton X-100 as surfactant [l 11. The solubilization 
of 250 /lg of reagent is obtained with 24 mg of 
Triton X-100 per 25 ml. Thus, 32 mg was selected 
as optimal. The study of the effect of the amount 
of Triton X-100 on the nickel(II))Br-PADAP 
complex revealed that it does not affect the ab- 
sorbance signal of the system when Triton X-100 
is in the concentration range 1 .O- 1.6 mg ml ~ ‘. 

The effects of the scan speed and of the slit 
width (AI) on the measurement of the first-deriva- 
tive signal were examined. The results showed 
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that the scan speed had no effect. Hence a scan 
speed of 400 nm min’ was chosen. It was also 
found that there was no significant difference in 
sensitivity at various A1 values, but an increase in 
slit width decreased the noise, hence a slit of 4 nm 
was selected for the measurements. The methods 
used for the quantitative evaluation of derivative 
signals were the peak-zero method and zero-cross- 
ing method [8,12,13]. 

3.5. Effect of interfering ions 

Solutions containing 1.00 Lig of nickel(I1) and 
various proportions of several cations and anions 
were prepared and an ordinary procedure [4] was 
followed. The tolerance level for an ion was taken 
as the amount which caused a change off 2% in 

Table I 
Nickel determination in the presence of various ions” 

Ion Excess” Reagent used 

500: 1 50: 1 5:1 

Ca(II) N 

M&II) N 
Ba(II) N 
Sr(I1) N 
Al(I11) I 

VW) 1 
Mo(V1) N 
W(V1) I 
Cr(II1) I 
Mn(I1) I 
Bi(II1) I 
Cd(I1) I 
Pb(I1) I 
Zn(I1) I 
Co(I1) I 
Hg(I1)’ N 
Cu(I1)’ N 
Fe(Il1)“ I 
Fe(B) I 
NO, N 
Cll N 
SO;- N 
co:- 1 
PO;- I 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
I 
N 
N 
N 
I 
N 
N 
N 
N 
N 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
I 
N 
N 
N 
I 
N 
N 
N 
N 
N 

CaCO,:HCl 
MgC12.6H,0 
BaC1,,2Hz0 

Sr(NCU2 
Al,W,), 
N H,VO, 
Na,Mo0,,2HZ0 
NaZW0,.2H,0 
Cr(N0,),.9Hz0 
MnSO,.6H,O 
Bi(N0,).5H20/HCl 
Cd(Ac),2H>O 
WNW, 
ZnSO,.7H,O 
CoSO,.7H,O 
HgO!‘HNO, 
CuSO,~SH,O 
Fe,(SO,),/HCI 
Fe(III)+NH,OH~HCl 
NaNO, 
NaCl 
Na,SO, 
Na,CO, 
Na,PO, 

’ [Nil: 1.00 pg per 25 ml. 
’ 1 = interferes; N = does not interfere 
’ High amounts can be masked with thiosulfate [4]. 
a Masking with EGTA. 

Table 2 
Nickel determination in the presence of cobalt by conventional 
and derivative procedures 

Co(11) Ni(I1) Ni(I1) found (pg) 
present present 

(Pug) (Pd Absolute Zero-peak Zero-crossing 
method method method 

0.20” 1 .oo 1.10 0.98 0.99 
1.00 1.00 2.20 0.96 0.99 
1.00 2.00 3.13 1.89 1.95 
6.00 2.00 6.34 1.89 1.93 
5.00 1.00 4.81 0.87 0.99 
7.00 1.00 6.05 0.82 0.99 

1 O.OOb 1.00 9.40 0.81 0.99 
20.00 1.00 12.35 0.80 0.98 
30.00 1.00 17.66 0.80 1.00 
20.00 0.50 11.76 0.44 0.49 
30.00 0.50 12.77 0.44 0.50 

” 1.0 ml of Br-PADAP solution (0.025%). 
’ 2.0 ml of Br-PADAP solution (0.025%). 

the absorbance. The results are listed in the Table 
1 and demonstrate that the main interferents are 
cobalt(II), iron and copper(I1). The copper(U) 
interference can be easily eliminated with thiosul- 
fate [4] and iron(II1) with EGTA [3]. The iron(I1) 
interference is substantial and cannot be elimi- 
nated with EGTA as masking agent or by first- 
derivative technique. The interference of the 
iron(II1) cation is lower in the presence of chlo- 
ride ion. The effect of ionic strength on the system 
is negligible for 0.1 M concentrations of sodium 
chloride and potassium nitrate. 

3.6. Nickel determination in presence of cobalt 61, 
dericatiae spectroscopJj 

Cobalt is one of the main interferents in nickel 
determination. It reacts with Br-PADAP in the 
pH range adopted, forming a complex with ab- 
sorption maxima at 589 and 570 nm and molar 
absorptivities of 8.30 x lo4 and 7.87 x lo4 1 mol-’ 
cm-‘, respectively. Nickel determination in the 
presence of cobalt by the ordinary method shows 
results with positive errors, increasing with in- 
crease in the amount of cobalt. However, the 
derivative technique allows this determination 
when the zero-crossing method is used. Table 2 
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presents the results obtained during the determi- 
nation of nickel in the presence of different 
amounts of cobalt. 

The experiments described below also showed 
that nickel determination by the derivative proce- 
dure using the zero-crossing method is indepen- 
dent of the presence of cobalt at different 
concentrations. 

Four calibration curves were prepared for stan- 
dards having nickel concentrations in the range 
10-200 ng ml ~ ’ in the presence of 0, 1.0, 3.0 and 
5.0 pg per 25 ml of cobalt. The first-derivative 
spectra were recorded and the heights were 
measured using the zero-peak and zero-crossing 
methods. The slope, intercept and correlation co- 
efficient obtained are summarized in Table 3. The 
results demonstrated that nickel determination by 
the peak-zero method has a negative error, de- 
creasing proportionally with increase in the 
amount of cobalt present. However, this can 
be avoided by using the zero-crossing method; the 
equations obtained revealed that nickel determi- 
nation is independent of the presence of cobalt. 

Fig. 2 shows the absorption spectrum of the 
nickel complex, the corresponding spectrum of 
the cobalt complex and total spectrum of a mix- 
ture of both complexes. All measurements were 

Table 3 
Statistical analysis of nickel determination in the presence of 
cobalt by first deriwtibe spectrophotometry 

co Cross-correlation equation 
concentration 
(J[g per 25 ml) Zero-peak Zero-crossing 

method method 

0.0 H (cm) = O.O886C,, H (cm) = O.O704C,, 
-0.10 + 0.01 
(r = 0.9998) (r = 0.9994) 

1 .o H (cm) = O.O884C,, H (cm) = O.O703C,, 
- 0.21 + 0.02 
(Y = 0.9998) (r = 0.9997) 

3.0 H (cm) = O.O867C,, H (cm) = O.O706C,, 
- 0.23 + 0.02 
(I = 0.9997) (r = 0.9999) 

5.0 H (cm) = O.O853C,, H (cm) = O.O703C,, 
~ 0.29 + 0.01 
(1. = 0.9995) (r = I .OOOO) 

’ C,, = lo- 200 ng nil-‘. 

508 520 548 568 588 688 628 640 “” 
Fig. 2. Absorption spectra of (A) nickel complex. (B) cobalt 
complex and (C) mixture of nickel and cobalt complexes. 
Reference. reagent blank. [Ni(It)] = 0.04 ,~g ml ‘: [Co(II)] = 
0.20 /~g ml ‘. A = Absorbance. 

recorded against a reagent blank. In it can be seen 
that nickel cannot be determinated with Br- 
PADAP in the presence of cobalt by ordinary 
spectrophotometry. Fig. 3 shows the first-deriva- 
tive absorption spectra of the complexes of nickel 
and cobalt with Br-PADAP and a mixture of 
both complexes. It shows that the nickel determi- 
nation must be performed using the zero-crossing 
method by measuring the derivative signal at 563 
nm. 

It can also be seen that cobalt can be deter- 
mined in the presence of nickel by measuring the 
derivative signal at 616 nm. hence allowing the 
simultaneous determination of nickel and cobalt. 

3.7. Nickel determinution in presencr of cobalt by 
dud-~vavrlength~ sprctroscop?; 

The interference of cobalt in the determination 
of nickel using Br-PADAP can also be eliminated 

Fig. 3. First-derivative absorption spectra of (A) nickel com- 
plex, (B) cobalt complex, and (C) mixture of nickel and cobalt 
complexes. Reference, reagent blank. [Ni(II)] = 0.04 jig ml ‘; 
[Co(II)] = 0.20 /ig ml ‘, D,-derivative signal x 10. ZP = zero- 
peak; ZC = zero crossing. 
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Table 4 
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Nickel determination in presence of cobalt by conventional and dual-wavelength spectrophotometry 

Co(H) present (pg) Ni(I1) present (~(8) Ni(I1) found (pug) 

Ordinary spectrophotometry Dual-wavelength spectrophotometry 

0.20 1.00 1.10 
1.00 1.00 2.20 
3.00 1 .oo 3.82 
5.00 1 .oo 4.81 
5.00 2.00 6.52 
5.00 0.50 6.15 

0.99 
1.00 
0.99 
0.99 
2.01 
0.45 

Table 5 
Analytical characteristics of the procedures 

Analytical parameter Ordinary spectrophotometry Dual-wavelength Derivative 
spectrophotometry spectrophotometry 

Calibration sensitivity (So) 
Analytical sensitivity (S,) 
Inverse of the analytical sensitivity (l/S,) 
Limit of detection (30) 
Limit of quantification (3~) 
Linear dynamic range 

Relative standard deviation (‘X,) 
Molar absorptivity 

1.86 ml pg-’ 
0.81 ml rig-’ 
1.24 ng ml-’ 
1.8 ng ml-’ 
5.8 ng ml-’ 
5.8 ng ml-’ 
0.50 fig ml-’ 
I .54X 

1.84 ml fig-’ 
0.71 ml ng’ 
1.41 ng ml-’ 
2.0 ng ml-’ 
6.5 ng ml-’ 
6.5 ng ml--’ 
0.25 pg ml<’ 
1.22% 

1.10x 10s 1 mall’ cm-’ 

0.886 cm ml ng’ 
11.42 ml ngg’ 

0.09 ng ml-’ 
0.2 ng ml-’ 
0.6 ng ml-’ 
0.6 ng ml-’ 
0.25 pg mllr 
1.20’%1 

by using dual-wavelength spectroscopy [ 12,131. 
This can be performed by measuring the ab- 
sorbances at 562 nm (absorption maximum for 
the nickel complex) and 596 nm, where the 
cobalt(H)Br-PADAP complex has the same ab- 
sorption as at 562 nm. Thus, the calibration curve 
for nickel determination is established by the rela- 
tionship between the nickel concentration and the 
difference in the absorbances measure at 562 and 
596 nm: 

A 562 nm -A 596 nm = KC,, (pg/ml) 

where A is the absorbance, K is the slope of the 
curve or calibration sensitivity and C is the nickel 
concentration. 

The slope of the analytical curve in the dual- 
wavelengh technique is normally lower than that 
obtained with conventional spectrophotometry; 
however, in the present case the slopes were virtu- 
ally identical because the molar absorptivity of 
the nickel(II)-Br-PADAP complex is very low 
(5.42 x lo2 1 mall’ cm-‘) at 596 nm. 

Table 4 demonstrates the application of the The derivative technique has a higher sensitivity 
technique to the determination of nickel in the that the ordinary method, as can be seen from the 
presence of different amounts of cobalt. calibration sensitivity, analytical sensitivity and 

3.8. Analytical characteristics 

In the conventional spectrophotometric proce- 
dure, Beer’s law was obeyed in the nickel concen- 
tration range O-0.50 pug ml-’ and the graph 
passed through the origin with a molar absorptiv- 
ity of 1.10 x 10’ 1 mol-’ cm-’ at 562 nm. The 
calibration graph for the derivative method was 
linear from 0 to 250 ng ml ~ ’ of nickel. 
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Table 6 
Nickel determination in steels by different procedures 

Standard Ni certified (‘i/ii) Ni found” 

First-derivative Dual-wavelength Ordinary 
spectrophotometry spectrophotometry spectrophotometry 

German steel 0.220 0.23 + 0.02 0.21 f 0.01 1.98 f 0.03 
Steel IBP-50 0.33 0.33 * 0.01 0.34 f 0.01 0.56 + 0.02 

il At 95% confidence level 

Table 7 
Compositions of the standards analysed 

Standard Ni (‘%I) Mn (‘Xi) 

German steel” 0.220 0.205 
Steel IBP-50 0.33 0.280 

a CECA. MPI 234-l 

Cr (‘/;I) co (“A) MO (‘Xi) cu (o/o) v (‘%) w (%I) 

4.231 2.730 0.953 1.981 11.92 
4.49 0.260 5.54 0.091 2.00 6.40 

the inverse. The analytical sensitivity [14], calibra- 
tion sensitivity [14], the limit of detection [15] and 
other analytical characteristics of the methods are 
summarized in Table 5. 

3.9. Application 

The derivative procedure and dual-wavelength 
spectroscopy were applied to the determination 
of nickel in steel standards. The results are 
presented in Table 6 and demonstrate that there is 
no significant difference between the certified 
value and the value found with the proposed 
procedures at the 95% confidence level. The 
compositions of standards analysed are given in 
Table 7. 

Samples were prepared using hydrochloric acid, 
nitric acid and hydrofluoric acid. The iron(II1) 
cation was extracted as the chloride complex us- 
ing ethyl acetate as extraction solvent. 

The great sensitivity of the derivative technique 
allowed the determination of nickel in sea water. 

4. Conclusion 

Br-PADAP is one of the most sensitive reagents 
for nickel determination by spectrophotometric 

methods. The derivative technique allowed the 
selectivity during nickel determination using Br- 
PADAP to be increased. The results of analyses in 
comparison with certified values for two steel 
standards indicated that the proposed procedures 
have very good accuracy and precision. 
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Abstract 

Theoretical and experimental investigation have been made on a method called the second reciprocal derivative 
constant-current stripping analysis (SRD-CCSA). The SRD-CCSA is based on the measurement of the d’t/dE* signal 
given by the curve of (d*zjdE*) versus the electrode potential (E). The d’t/dE*-E curve gives a maximum value 
(d’z/dE*),,, and a maximum value (d’t:‘dE’),,,,, which show as two peaks on the curve. Either of the heights of the 
peaks and the sum of absolute values of the two peaks are proportional to the bulk concentration of the analyte in 
solution, and they are much larger than (dt/dE), in the first reciprocal derivative constant-current stripping analysis 
(FRD-CCSA). The ratio of peakkpeak height in the SRD-CCSA to peak height in the FRD-CCSA is about 43n 
(where n represents the number of electrons transferred during the electrode process for the analyte). Potential 
difference ( W,,) between the two peaks is 48.2 mV n ’ at 25°C in the SRD-CCSA, which is noticeably smaller than 
the half-height width Wpp2, 65.5 mv n ‘, in the FRD-CCSA. The theory was verified with a home-made 
multireciprocal derivative measuring instrument. The experimental results were in good agreement with the theoretical 
ones. 

Kqworu’.s: FRD-CCSA method; SRD-CCSA method 

I. Introduction 

Studies on the theory and applications for 
chronopotentiometric stripping analysis (CPSA) 
or constant-current stripping analysis (CCSA) 
were very active [I -91. The first reciprocal deriva- 
tive constant-current stripping analysis (FRD- 
CCSA), once called reciprocal derivative 
constant-current stripping analysis (RD-CCSA) 

* Corresponding author. Fax: (86) 769-226-2024 

[I] enhanced the sensitivity of CPSA or CCSA by 
about 13 n times and the resolution of the method 
was improved to 65.5 mV n ‘, represented by the 
half-height peak-width W,:,. The theory of the 
FRD-CCSA was applied to chronopotential anal- 
ysis (CPA) [3] and to adsorptive constant-current 
stripping analysis (ACCSA) [4] which is the same 
as adsorptive voltammetric stripping analysis 
(AVSA) during the preconcentration step, result- 
ing in reciprocal chronopotentiometry analysis 
(FRD-CPA) and reciprocal derivative adsorptive 

0039-9140;96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 

PIZ SOO39-9140(96)01920-O 



1658 X. Rum rt ul: Tuluntu 43 (1996) 1657-1665 

I  I  1 1 ,  

0.66 0.61 0.67 0.63 0.49 

ELJKTRODE -9-x .Y 

Fig. I. Comparison of schematic FRD-CCSA and SRD- 
CCSA signals for n = 2. (a) dt:dE versus E, (b) d’t:dE’ versus 
E. For definition of the symbols. see the text. 

constant-current stripping analysis (SRD- 
ACCSA). This make noticeable improvements in 
sensitivity and resolution for both of the methods. 

In this paper we present a new thoery called the 
second reciprocal derivative constant-current 
stripping analysis (SRD-CCSA), i.e. deducing the 
d2t,idE’-E curve and measuring (d2t/dE2),, as 
the analyte signal instead of (dt,/dE), in FRD- 
CCSA. The (d’t/dE’),,-E curve gives one maxi- 
mum value (d’t/dE2),,, and one minimum value 
(d2t/‘dE2),,, (see Fig. 1 b), which show as two 
peaks on the d2t/dE2-E curve. Potential differ- 

dE/dt 

DiFFerentiato 

Fig. 2. Block diagram of the instrument set-up for SRD- 
CCSA. 

-=‘I- 
ELECTRODE POTENTIAL,E, V 

Fig. 3. SRD-CCSA stripping curve: solid line, experimental 
curve: black dots, theoretical values calculated using Eq. (IO). 
4.0 x 10 ’ mol I- ’ Cd’ + , ld = 60 s. i, = 5 ,LLA. 

ence between the two peaks is noticeably smaller 
than the half-height peak-width W,,1z, 65.5 mv 
n ‘, at 25°C in FRD-CCSA. The sum of the 
absolute values of the two peak heights, or either 
of the two peak heights is proportional to the 
bulk concentration of the analyte in solution, and 
is much larger than (dt/dE), in the FRD -CCSA. 
The theory was experimentally verified with a 
home-made multi-reciprocal derivative measuring 
instrument. The experimental results were in good 
agreement with the theoretical ones. This new 
approach to CCSA can enhance the sensitivity of 
the method by about 43 n times and its resolution 
is improved by about 25X, compared to those in 
FRD-CCSA. 

2. Theory 

2.1. Stripping curve of the SRD-CCSA 

Equations describing the E-t curve in the 
CCSA (or CPSA) and describing the dt,ldE-E 
curve in FRD-CCSA at the thin mercury-film 
electrode (TMFE) are as follows: 

E=E’+ RTln(t’j2/r-t)/nF[lO] (1) 
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dt:dE = ~JI(~T + e-“)/(42 e‘+ 1)1:2 -e ‘1 [l] 

c-4 

respectively, in which f = FIRT, and x = 2nf(E - 
E’) with 

E’ = E” + RT ln[21/(nD,)‘:‘],W (3) 

where 1 is the thickness of the mercury film; z is 
the transition time; D, is the diffusion coefficient 
of the metal ion (M” +) in solution; t is the 
stripping time for M” + ; and the other symbols 
have their normal electrochemical meanings. 
Differentiating Eq. (2) versus E and rearranging 
yields an equation describing the SRD-CCSA 
stripping curve, i.e. the d2t/dE2-E curve as fol- 
lows: 

d*t/dE’ = 2(nf)*[e ’ - e ~ ‘I(42 e‘ + 1)‘,2 

- 22(2 e’ + 1)/(42 e-‘ + 1)3’2] (4) 

Resolving Eq. (4) by numerical analysis and 
combining with Eq. (l), obtains a maximum value 
denoted by (d’t/dE*),,, 

I 

I I I , I I 

1.0 2.0 3.0 4.0 6.0 

(a) INDILJM CONCENTRATION, x lodmolll 

1 I I , , 1 I 

1.0 2.0 3.0 4.0 6.0 

(a) LEAD CONCENTRA TION. x i+&fl 
I I I / I I I 

1.0 2.0 3.0 4.0 6.0 

,c) ‘rULUUM CONCENTRATION,x1od molP 
1 I !  I I I 1 

1.0 2.0 3.0 4.0 6.0 

(d) CADIUbS CONCENTRATION,Xlodmolll 

Fig. 4. The dependence of (d’t/dE’),, on C”: curve a, (d?t: 

dE*),, versus [In3 ‘1 curve b, (d’tjdE2),, versus [Pb* ‘1: curve 
c, (d’t/dE*),, versus [Tl ‘I; curve d, (d’tjdE’),, versus [Cd’+ 
1. For other conditions see Fig. 3. 

(d’t/dE’),,, = 0.2276(njj2z 

at potential 

(5) 

E,,,,, = E’ - 0.805RT/nF- (RT In z)/2nF (6) 

and a minimum value denoted by (d*tldE*),,, 

(d*t/dE*),,, = - 0.1520(nJ)2z (7) 

at potential 

E m,n = E’+ l.O51RT/nF- (RT In r)/2nF (8) 

Eqs. (5) and (7) show that the d*t/dE*-E curve 
has two peaks, one of which is positive and the 
other negative. Either of the peak heights, are 
proportional to the transition time 7 and to the 
bulk concentration of the analyte (CO), consider- 
ing that T is proportional to Co. By making the 
two extreme values absolute and then putting 
them together one obtains the height of the two 
peaks, denoted by (d2tldE2)pp: (d*tidE*),, = I(d2t/ 
dE*),,,l + ((d2tldE2),,l = 0.3796(nfi2z 

= 575.2n2z (at 25°C) (9) 

Substituting Eq. (9) into (4) yields 

d2t/dE2 = 2(nJ)2[e ~ ’ - e ~ “j(4k e‘ + 1)‘:’ 

- 2s(2 es + 1)/(4k e” + 1)2:3] (10) 

in which k = 1.9 x loo- ‘H P2T2(d2t/dE2)pp. Eq. 
(lo), describing quantitively the relationship be- 
tween the signal and the potential, is then called 
the stripping curve of SRD-CCSA. 

2.2. Principle of the second reciprocal 
derivutization measurement 

In principle, 

d2t/dE2 = d(dtjdE)/‘dt dt/dE (11) 

If assuming 4’ = dt:dE, then 

d*t:‘dE* = dyldt .y (12) 

Based on Eqs. (11) and (12), the principle of the 
second reciprocal derivatization measurement is 
as follows. Signal dr/dE from the derivative in- 
verter described earlier [l] is first differentiated, 
yielding the signal d(dt/dE)jdt, then the signal 
d(dt/dE)/dt is multiplied by the signal dt/dE, 
resulting in the signal d2tidE2. It is very impor- 
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Fig. 5. The dependence of (d’t/dE’),,, on t,, and w ’ ‘: curve a, 
(d’t/dE’),, versus t,, 1.0x 10-‘mol I-’ Cd’+. i,=5 PA, 
w = 2000 rev min ‘; curve b, (d’t/dE’),, versus w’ ‘, 1.0 x 
IO-‘mol I-’ Cd’+, t,=Sj s. i,=8 /tA, 

tant to eliminate noises from 50 Hz city power and 
the electrolysis cell, for SRD-CCSA is very sensitive 
to both analytical signals and noises. Signals from 
the electrolysis cell are, therefore, first filtered by a 
high-frequency filter and a bandstop filter for 50 Hz 
city power, and then picked up by a computer. 
Other blank noises are eliminated by computer 
software. Sampling frequency of the computer 
should be carefully selected. A sawtooth-like curve 
might result if the sampling frequency is too high 
because if the sampling frequency is too high, the 
sign collected will be too small when compared with 
noises of about 6 mV irregularly from the instru- 
ment. On the other hand, an odd curve would 
emerge if the sampling frequency is too low for alot 
of signals will not be collected. Suitable sampling 
frequency for our instrument is in the range from 
500 to 10000 Hz. The operating principle of the 
instrument set-up for the SRD-CCSA is shown in 
Fig. 2. 

2.3. Peak-peuk width. resolution und speciJc 
potentiul 

Combining Eq. (6) with eq. (8) the potential 
difference (W,,) between the maximum and the 
minimum and the minimum vales of the stripping 
curve of SRD-CCSA is then obtained as follows: 

W,, = 1.876RT/nF = 48.2 mV n ’ (at 25°C) 

(13) 

Eq. (13) shows that the resolution of SRD-CCSA 
is much higher than that of linear sweep voltamme- 

try, 173 mV n ~ ’ [I 11, differential pulse polarogra- 

phy, 90.4 mV n’ u21, semidifferential 
voltammetry, 54.4 mV n ~ ’ [13], and the FRD- 
CCSA, 65.5 mV n ’ [l]. The resolution of SRD- 
CCSA and SRD-CCSA can be compared in Fig. 1. 

Substituting Eq. (9) into (6) and (S), and rear- 
ranging the equations yields: 

EM,,,, = E,,,,, + (RT ln(d’t,/dE’),,)/2nF 

= E’ - (RT(nF)(1.309 - ln(nF:RT)) (14 ) 

EM,,,, = Em,, + (RT ln(d2t,idE2),,)/2nF 

= E’ + (RTinF)(O.567 + ln(nF/RT)) (15 ) 

respectively. Apparently, Ez>,,, and E,M,n are func- 
tions of the standard potential (EO) of the M” + /M 
couple, the mercury film thickness (I), and the 
diffusion coefficient of the ion M” + in solution. but 
independent of the signal (d’t/dE’),,, i.e. concen- 
tration (C”) of the determined ion M” + and other 
experimental conditions. EEiX and 
EKii,, therefore, can be used as parameters for 
qualitative identification. Eqs. (14) and (15) can be 
used to test if the measured signal (d’t/dE*),, 
contains any noise or other signals from interfer- 
ring ions, because Em,, + (RTln(d’tidE*),,)/2nF 

and E,,,,, + (RTln(d’t/dE”),,)/2nF should be con- 
stants according to Eqs. (14) and (15). 

2.4. Peak-peuk height and j&tom affecting the 
peuk-peak height 

It is known that z is proportional to the concen- 
tration (C,) of metal M in a film of thickness 1, i.e. 

T = lC,j/? [lo] 

with 

(16) 

C, = 0.62~‘:~0;:~/~- ‘+- ‘t&‘” [l] (17) 

where /i = i,/nFA, i, is the stripping current (PA); 
A is the electrode area (cm2); w is the angular 
rotational velocity (s) during preconcentration; ,U is 
the viscosity of the solution (cm’ sP ‘); t, is the 
deposition time (s): and C” is the bulk concentra- 
tion of the determined metal ion M” + in solution. 
Dimensions of D, and I are cm2 ~ s ~ ’ and cm, 
respectively. 
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Substituting Eq. (17) into (16), and then into (9) 
yields 

= 3.44 x 10’“n3Ao’~20$3~ “hiss ‘t,,C’ (at 25°C) 

(18) 

From Eq. (18). it can be seen that the peak- 
peak height of SRD-CCSA is proportional to the 
bulk concentration of the analyte in solution 
which is the basis for the quantitative application 
of SRD-CCSA. The peak-peak height is also 
proportional to the electrode area (A), deposition 
time (tJ, the square root of the angular rotational 
velocity of the working electrode during deposi- 
tion, and it is a inverse function of the stripping 
current. 

3. Experimental method 

3.1. Apparatus 

A laboratory-built multi-reciprocal derivative 
PSAjCCSA instrument equipped with a Compaq 
386 computer and LQ 1600 typer were used. A 
thin mercury-film electrode deposited on a rota- 
tional glassy carbon electrode was used as the 
working electrode. Reference and counter elec- 
trodes were Ag(AgC1 saturated with KC1 and 
platinum respectively. A model DL-501 ther- 
mostat system was used to control the tempera- 
ture of the solution. 

3.2. Reagents 

All the chemicals were analytical or guaranteed 
grade. Solutions were prepared with water triple- 
distilled in quartz. Cadmium and lead standard 
solutions were prepared from the nitrates and 
those of indium and thallium from the pure 
metals. 

The supporting electrolyte, sodium nitrate (2.5 
mol l- ‘) was pruified by catholic mercury-pool 
electrolysis for over 24 h and diluted to 0.25 mol 
l- ’ in use. Nitric acid was used to adjust the 
solution pH to about 4. The nitrogen used for 

deaeration was purified by passage through vana- 
dium (ii) chloride solution. 

3.3. Procedure 

The disc rotational carbon electrode was first 
polished with alumina powder, then cleaned con- 
secutively with nitric acid solution (1 + 1) and 
ammonia solution (1 + l), 95% ethanol, and 
finally rinsed with triple-distilled water before use 
if the electrode had been used for about ten days, 
otherwise, the electrode only needed polishing 
with filter paper. The thin mercury-film electrode 
was prepared by depositing mercury from 2.0 x 
10 ~ ’ mol 1~ ’ mercuric nitrate solution at Ed = - 
1.0 V. The predeposition of the analyte in the 
sample solution was done with a rotational veloc- 
ity of o = 2000 rev min ~ ’ or 209 s ~ ’ and strip- 
ping was done in quiescent solution. Before 
deposition the solution was deaerated by the pas- 
sage of nirtrogen for 15 min. After that a stream 
of nitrogen was passed over the surface of the 
solution to prevent oxygen from redissolving in 
the solution during the deposition and the strip- 
ping. All experiments were done at 25.0 f 0.2”C. 

4. Results and discussion 

4.1. Validation of the SRD-CCSA stripping cuwe 
equation 

A simulation method was used to validate the 
SRD-CCSA stripping curve equation, i.e. Eq. 
(10). Em,, and (d2t/dE2),, values obtained from 
experimental stripping curves were first substi- 
tuted into Eq. (14) to calculate the corresponding 
theoretical values of E’. Then the E’ and (d2ti 
dE’),, values were substituted into Eq. (10) to 
calculate the d2t/dE2 values at some potentials for 
the theoretical values. These were compared with 
the experimental curve. One of the results is de- 
picted in Fig. 3. It can be seen from Fig. 3 that 
the theoretical values are in good agreement with 
the experimental curve in most regions, but 
slightly different at the beginning and the end, of 
the curve. This proved Eq. (10) to be correct, 
taking into consideration the capacitance effect 
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Table 1 
Comparison between SRD-CCSA. FRD-CCSA and CPA signals 

Element y;,:r (s v-1) ;;,/J’, (S v- I) 

5 (s) J$ (s v-1) y;, (9 v-q Exptl Thetl RD (‘XI) Exptl Thetl RD (“/ii) 

Cd 0.98 25.4 2114.9 2219.3 2305.1 -3.1 85.6 86.6 -1.1 

Pb 1.02 26.4 2251.8 2207.7 2305.1 -4.2 85.3 86.6 -1.5 
Ti 1.06 13.8 587.3 554. I 576.3 -3.9 42.6 43.3 -0.2 

In 1.01 36.2 4580.1 4534.8 5186.7 -12.6 126.5 29.9 -2.6 

II ypp. .rb, Exptl, Thetl and RD represent (d’r/dE”),,. (dr:dE),, experimental, theoretical and relative derivation, respectively. t, = 100 
s, i, = 5 /IA, (0 = 2000 rev min -’ [Cd*+] = [Pb’+] = [In’+] = [Tl+] = 7.2 x IO-’ mol I-‘. The attenuations of SRD-CCSA for Cd, 
Pb, In and TI are 1908, 190.8. 394.8 and 47.7, respectively, when the signals were measured with the instrument. 

when the electrode potential changes quickly and 
negligibleness in theory at the extreme situations. 

4.2. Factors a&cting the peak-peak height 
(d2t /dE 2)p,> 

According to Eq. (1 S), there is a linear relation 
among (d2t/dE2),, and the bulk concentration C” 
of the ion determined, the predeposition time t,, 
the square root of electrode rotational speed, w, 
during predeposition and the inverse value of the 
stripping current is. The dependence of the strip- 
ping peak-peak height (d*t,/dE’),, of the SRD- 
CCSA for Cd2 + , Pb* +, In’+ and Tl+ on WI/~, 
i, ‘, t, and Co was studied independently one by 
one, while keeping the others constant. The plots 
of (d’tjdE*),, versus C” for Cd, In, Tl and Pb are 
shown in Fig. 4, and versus t, and w “2 shown in 
Fig. 5. The linear relations shown in Fig. 4 and 
Fig. 5 are in good agreement with the prediction 

I 
0.646 c ,a jo.ol6 
0.040 - 

I;’ 0636 - 
0.630 - :---“:: 

b - 0.610 
- 0.m 

i - o.alo I 

2.0 

Fig. 6. The dependence of E,,,,, and E,,,,, on (d’t/dE’),,: curve 

a, f%,,, versus (d”t/dE*),,: curve b, E,,,,, versus (d’t/dE2),,. 

of Eq. (18). A non-linear relationship between 
(d2t,ldE2)pp and is: ‘, however, was observed in 
our experiment, although (d2tjdE2),, increased 
with is- ‘. This experimental phenomenon was dis- 
cussed in an early paper [l]. 

4.3. Comparison of’ SRD-CCSA, FRD-CCSA 
and normal CPSA signals 

To make a reliable comparison of SRD-CCSA 
with normal CPSA signals, the CPSA should be 
large enough to be measured precisely. The SRD- 
CCSA signal, however, will be over thousand 
volts, which is much too large for a normal 
integreted circuit. Even though those of the CPSA 
last only a second. Signals carried and exported 
by the laboratory-built instrument were, there- 
fore, attenuated with five levels: 13.4, 47.7, 94.7, 
190.8 and 399.7 times. The experimental results 
for Cd, Pb, In and Tl are listed in Table 1 and 
compared with the theoretical ones. 

It can be seen from Table 1 that yap/z values 
for Cd*+, Pb*+ and Tl+ are close to those 
predicted from Eq. (9). but much smaller for 
In’+, which may be caused by the lower re- 
versibility of the In’ +/In couple. 

The relation between FRD-CCSA and CPSA is 
as follows: 

(dt/dE), = 0.343nf’z = 13.35n z (at 25°C) 

Combining Eq. (9) with Eq. (19) yields: 

(d’t/dE2),,/(dt/dE), = 43.3n (at 25’C) 

(19) 

(20) 
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Table 2 
E max and Em values at different peak-peak heights calculated according to Eq. (14) and (15) 

Cd’+ Pb’ + Tl+ 

-Em,, (mv) 6302 6332 3615 3612 5087 5186 

6314 6403 3704 3744 5248 5306 

(d’r/dE’),, 565 884 463 1031 315 588 

(SZ v- 2) 1460 2008 1591 2246 856 1312 
-Exix (mv) 5895 5897 3221 3226 4358 4367 

5906 5915 323 I 3238 4381 4379 

-I%,,, (mv) 5903 3229 4371 

RD (‘h) 0.1 0.2 0.2 

-Em,, (mv) 6049 6081 3358 3417 4610 4665 

6112 6149 3446 3477 4726 4786 

-ELK (mv) 5642 5646 2966 2971 3871 3846 

5654 5661 2973 2982 3959 3959 

-CL,, (mv) 565 I 2973 3859 

RD (%;l) 0.1 0.2 0.2 

(d2t/dE2)pp/(dtldE)p values for Cd2 +, Pb2-, 
In?+ and Tl+ m Table 1 show that the experi- 
mental results are in good agreement with the 
theoretical ones, indicating that the sensitivity of 
the SRD-CCSA is enhanced by about 43.3n times, 
compared with that of the FRD-CCSA. It is also 
observed from Table I that the difference between 
the experimental values and the theoretical ones 
in (d’tjdE2),,/(dtidE), rises with an increase in 
electron number transmitted in the electrode pro- 
cess. The deviations may also come from the 
instrument. 

of the lines for cadmium nitrate solution, how- 
ever, are 17.8 mV for the E,,,~log(d2t(dE2),, 
curve and 18.0 mV for the E,,,-log(d’t/dE’),, 
curve, respectively, which are larger than the theo- 
retical value of 14.8 mV. This may be due to the 
lower reversibility of the electrode process in the 
CCSA. 

The element specific potentials for metal M, 
EEa, and EK,,,, defined in Eqs. (14) and (15), 
respectively, are predicted to be constant, and are 
independent of the stripping signal, concentration 
of the determined ion and some experimental 

4.4. Verification of the E,,,,, E ,,,,,,, E;1;‘,, and E;:,, 
equations 

Plots of E,,, against log(d2t(dE2),,, and of 
E m,n against log(d2t/dE’),, should give straight 
lines with a slope of 2.3RTi2nF according to Eqs. 
(6) and (8). From Fig. 6 we can see that the linear 
relations are very well demonstrated. The slopes 

Table 3 
Peakkpeak width, Wn,,, values (mV) for Cd’+. Pb’+, Ini+ 
and Tl+ calculated using Eq. (13) 

Cd*+ Pb”+ In’+ Tl- 

Experimental values 25.3 18.4 47.9 25.9 

Theoretical values 24.1 16.1 48.2 24.1 

Relative error (“/ii) 5.0 14.3 -0.6 7.6 

/  I  I  I  ,  I  

0.70 0.60 0.60 0.40 0.30 0.20 

ELECTRODE POTENTIAL,-E, V 

Fig. 7. Stripping curves of cadmium, indium. thallium and 
leadmixture: [Cd~+]=[Pb*+]=8x10-8mol 1-r pl+]= 
1.2 x IO-’ mol I-‘, [In’+]=5.0 x 1OW8 mol I-‘, 1,=50 s, 
i, = ,BA, tc) = 2000 rev min ‘, (d*~/dE’),,/13.4. 
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c 

\ 

------&I 
1 I I I I I / 

0.76 0.66 0.66 0.46 0.36 0.25 0.15 
-ODE POTENTIAL.-E, V 

Fig. 8. Stripping curve for 1.0 x lo- I” mol I I Cadmium: 
curve a, SRD-CCSA cur\‘e for 0.25 mol I ’ NaNO, solution; 
curve b. FRD-CCSA curve for 0.25 mol 1~’ NaNO, and 
1.0 x 10 - “I mol 1-I cadmium solution; curve c, SRD-CCSA 
curve for the same solution as in curve b. 

variables such as t,, (1) and i,. Results listed in 
Table 2 show that either Em,, or Em,” remains 
almost constant with a relative deviation of d 
0.20/o, which indicates the accuracy of Eqs. (14) 
and (15). 

4.5. Peak-peak width and resolution 

Experimental peak-peak width ( W,J values 
for Cd’+, Pb*+, In’+ and Tl+ and their theoret- 
ical ones are listed in Table 3. In Table 3 we can 
see that the experimental values are close to the 
theoretical ones for the ions listed, although 
difference is observed in In. Taking into account 
the complexity of the electrode process and the 
errors from the responding and measuring signals 
in the instrument, Eq. (13) can be regarded to be 
correct. 

Stripping curves given by both SRD-CCSA and 
FRD-CCSA for a mixture containing lo- * mol 
l- ’ levels of Cd”, Pb’+, In3+ and Tl- are 
shown in Fig. 7. The peaks for these ions are 
more clearly separated from each other in SRD- 
CCSA than in FRD-CCSA, indicating very good 
resolution for SRD-CCSA. 

4.6. Detection limit 

Under the following experimental conditions: 
deaeration with high purified nitrogen for 30 min, 
predeposition with an electrode rotations velocity 

of 2800 rev min - ’ for 100 s at - 1.0 V, a 
stripping current, i,, 1 PA, the SRD-CCSA and 
FRD-CCSA signals for 1 .O x 1O’O mol l- ’ Cd2 + 
are shown in Fig. 8. Curve a is the stripping curve 
of SRD-CCSA obtained from a blank solution; a 
signal at a potential of - 0.32 V was yielded by 
contaminating lead in the solution. Curve b, ob- 
tained by FRD-CCSA from the solution, shows 
no peak. Curve c obtained by SRD-CCSA from 
the same solution, however, shows a signal, 1.7 s* 
V -’ at a poential of - 0.61 V for Cd2 + and 
another signal, 2.2 s’ V 2. at a potential of 
- 0.32 V for contaminating Pb’+ . This detection 
limit shows that the sensitivity of the SRD-CCSA 
is very high. 

5. Conclusions 

From the description above it can be concluded 
that both the theory and the experimental results 
for SRD-CCSA show high sensitivity and excel- 
lent resolution. The theories describing the shape, 
and the change of the d2t/dE2-E curve are in 
agreement with the experimental results, proving 
that the theories presented in this paper are cor- 
rect for SRD-CCSA, based on the d2t/dE2-E 
curve. It is believed that SRD-CCSA is one of the 
best methods, in terms of sensitivity and resolu- 
tion for the determination of trace metal ions. The 
theory presented in this paper, by the way, could 
be applied to PSA, ACCSA, CPA etc. Applica- 
tions of the theory are under way and the results 
will be given in later reports. 
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Abstract 

The influence of variables including ionic strength, propulsion rate and instrumental design parameters on 
dispersion in a sequential injection analysis system was studied via S, 2 and several other parameters related to the 
dispersion profile. The influence of such parameters on a real system was evaluated in the reaction of Fe(I1) with 
o-phenanthroline by optimizing various instrumental designs using the simplex method and comparing the results. 

Keywotds: Sequential injection analysis (%A); S, ,2 

1. Introduction 

Flow-through techniques in general and se- 
quential injection analysis (SIA) in particular rely 
on the mutual dispersion of reactant segments 
being carried along a tube. Controlling dispersion 
in a given system is therefore very important with 
a view to its characterization and optimization. 
Ruzicka and Hansen [l] developed a dispersion 
coefficient for describing the dilution of a reagent 
plug on insertion into a flowing carrier stream: 

* Corresponding author 

where C, is the initial concentration of reagent 
and C that after dispersion. While D is defined at 
any point of a system, use of D,,, (the dispersion 
coefficient obtained when the maximum product 
concentration reaches the detector) is preferred. 

As a rule, the type of dispersion a given system 
exhibits should be matched to the type of mea- 
surements it is intended to provide. Thus, direct 
meausurements (e.g. pH, conductivity, potentime- 
try) are best made at D = 1 (minimum dispersion), 
whereas measurements of a chemical reaction can 
be carried out at intermediate D values (2-10); 
higher dispersion coefficients are usually reserved 
for cases involving high dilution. 

Based on theoretical considerations for SIA, 
Giibeli et al. [2] proposed the parameter S,:,, 
which denotes the injected volume that results in 

0039-91401’96j$l5.00 6 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9 140(96)0 1926- 1 
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D,,, = 2, as the most convenient measure of dis- 
persion in an SIA system irrespective of its sym- 
metry and flow type. They also investigated the 
feasibility of using S, 2 to extrapolate the results 
of a system to another of a different design. 

It should be noted that the above consider- 
ations are based solely on physical dispersion in 
the system and take no account of the potential 
effects of chemical reactions and their kinetics. 
Also: the information provided by D and S,,Z is 
always referred to a given point of the system 
rather than its dispersion profile, which can be of 
great significance regarding interpenetration of 
sample and reagent segments. 

A literature scan revealed the absence of exper- 
imental work aimed at determining whether dis- 
persion descriptors for a system can be used to 
extrapolate results to other systems. This paper 
reports a study of the effect of instrumental, phys- 
ical and chemical variables on S,,, and the geome- 
try of the dispersion profiles for sequential 
injection systems, which was undertaken to find 
out whether S,:, based results can be extrapolated 
to other systems. 

2. Experimental 

2.1. Reugents 

The solutions used included methylene blue in 
0.2 M NaNO,, malachite green in 0.01 M acetic! 
acetate buffer at pH 4.5, and bromothymol blue 
in 0.01 M borax buffer at pH 9.2, all at variable 
concentrations. A 1.16 x lop3 M o-phenanthro- 
line solution in 1 M acetic/acetate buffer at pH 
4.5, and another containing 2.1 x lo-’ M Fe(I1) 
in 0.5% (w/v) hydroxylamine were also used. 

2.2. Appurutus 

The automatic SIA system used was designed 
by the authors and consisted of a PC compatible 
computer that actuated a Crison microBur 2030 
titration autoburette, an electromechanically con- 
trolled &channel valve and a Hewlett-Packard HP 
8452A diode array spectrophotometer. The instru- 
mental design and control software used were 

described in detail in a previous paper [3]. As can 
be seen in Fig. 1, the SIA manifold used was quite 
simple; the dimensions of the hold-up (A) and 
reaction (B) loops were altered as required to 
obtain various SIA systems exhibiting differential 
dispersion patterns. All connections were made 
from PTFE tubing with the dimensions stated in 
each case. 

2.3 Procedure 

2.3.1. Determination oj’S,/, 
S, Z for each system was determined from tripli- 

cate injections of increasing volumes of dye solu- 
tion. The peak heights obtained were plotted 
against the injected volume and S,/2 was calcu- 
lated by interpolating the volume corresponding 
to one-half the absorbance of the undiluted dye. 

2.3.2. Fe(II)/o-phenantholine experiments 
The design of the SIA systems studied was 

optimized using the reaction of Fe(I1) with o- 
phenanthroline. In principle, the reaction involved 
four reactants, which were delivered via two chan- 
nels by appropriate prior mixing of the compat- 
ible reactants. The experiments were carried out 
by aspirating preset volumes of o-phenanthroline 
and Fe(I1) solutions, in this sequence, and subse- 
quently propelling them to the detector via the 
reaction loop. 

DETECTOR P 
Fig. I. Basic SIA manifold used in the experiments. A. hold- 
up loop; B. reaction loop. 
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Fig. 2. Variation of S, z with the type of dye and its concen- 
tration: x, malachite green; l , methylene blue with 0.2 M 
NaNO,; +. bromothymol blue: 0, methylene blue without 
NaNO,. Hold-up loop i.d. = 1.5 mm; reaction loop i.d. = 0.5 
mm; reaction loop length = 1 m: q = 3.6 mL min-‘. 

3. Results and discussion 

3.1. Influence of experinzentul purametm on S,:, 

3.1.1. Influence of’ the injected reactant 
In preliminary experiments, we observed that 

the S,/, values calculated by injecting methylene 
blue in the system was dependent on the dye 
concentration. In order to investigate this phe- 
nomenon and the influence of the nature of the 
species used to calulate S,:2, this value was deter- 
mined for various concentrations of three differ- 
ent dyes, namely, bromothymol blue (BTB), 
malachite green (MG) and methylene blue (MB). 
BTB and MG, two acid-base indicators, were 
made in a buffered medium (0.1 M HAcOi 
NaAcO for MG and 0.01 M borax for BTB). As 
can be seen from the results (Fig. 2), both BTB 
and MG behaved very similarly: the dye concen- 
tration had virtually no effect on S,!?. On the 
other hand, the MB concentration was found to 
strongly influence S,/2, particularly at low levels 
(<IO mg LP’). The experiments with MB were 
repeated by preparing solutions in a medium of 
controlled ionic strength (0.2 M NaNO,). where 
the dye behaved identically with the other two 
(see Fig. 2). Experiments performed at a variable 

ionic strength revealed the anomalous behaviour 
of MB to disappear at NaNO, concentrations 
above 0.04 M. This phenomenon is rather difficult 
to interpret, yet we believe it may have originated 
from adsorption of the dye onto the walls of the 
Teflon tubes, which may be hindered by the pres- 
ence of an electrolyte or a higher dye concentra- 
tion. 

The most important consequence of the above- 
described results is that the correct determination 
of s,,, entails using controlled conditions as re- 
gards the dye, its concentration, the ionic 
strength, etc. in order to avoid a potential effect 
of the dye concentration on S,:2 values. 

Based on the results, we chose to use 23 mg 
Lpi BTB in subsequent experiments. 

3.1.2. Influrnce of propulsion rate and flow 
recersuls 

In order to compare our experimental design 
with the previously reported flow injection analy- 
sis (FIA) and SIA systems, we have investigated 
the influence of the flow rate and the How rever- 
sals on S,12. The influence of the flow rate during 
the time that the reactants are propelled to the 
detector on S,12 was studied by using a hold-up 
loop of 1.5 mm i.d. and a reaction loop of 1 m 
length x 0.5 mm i.d. The propulsion rate was 
varied between 3.5 and 19.0 mL min- ‘. Unfortu- 
nately, the propulsion system available at the time 
these experiments were carried out did not allow 
the aspiration rate to be programmed, so the 
potential influence of this factor could not be 
investigated. 

The experiments revealed that decreasing flow 
rates resulted in increasing S,/2 values, the effect 
being more marked at low rates. It should be 
noted, however, that the S,:2 values obtained at 
high flow rates hindered correct identification of 
the peak maximum since the peaks were too 
narrow at the maximum acquisition rate available 
(2.5 data/s). The results are consistent with those 
obtained with FIA systems [4] and can be ex- 
plained on the grounds of the same theoretical 
considerations. 

A unique feature of SIA systems is that mutual 
dispersion of the reactants is favoured by flow 
reversals in the system. In order to assess the 
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significance of the effect, a series of experiments 
was carried out in which the aspirated dye was 
followed by 100 ,uL of carrier and several 50 ,uL 
aspiration/propulsion cycles. The results showed 
the dispersion to increase markedly in the first few 
cycles and then more gradually in subsequent 
cycles, which is consistent with the previous obser- 
vations of Giibeli et al. [2]. 

3.1.3. Dimensions of the reaction loop 
The results obtained in the experiments aimed at 

determining the influence of the dimensions of the 
reaction loop on dispersion showed both the reac- 
tor length and its inner diameter have a strong 
effect: the greater the diameter and length were, the 
higher was S,:, as a result of the increased resi- 
dence time and longer path travelled by the dye 
inside the system. These results are consistent with 
those for FIA systems. 

It should be noted that two pieces of tubing of 
identical nominal inner diameter (0.5 mm) supplied 
by different manufacturer provided different re- 
sults. The differential behaviour of the tubes can- 
not be exclusively ascribed to divergences between 
the nominal and actual diameters-in fact, the 
differences, as determined by measuring the capac- 
ity of both loops, were negligible. A more plausible 
explanation is that, because the tubes were from 
two different sources, they differed in their inner 
microstructure and therefore affected dispersion 
within differently. We also observed an anomalous 
behaviour from newly purchased tubing: the size 
and shape of the peaks obtained in the first few 
injections vary markedly until the tubing is “aged”. 
This ageing process can be accelerated by passing 
dilute nitric acid for a few minutes. This effect, 
which is absent in FIA, must be considered in SIA, 
where the carrier flow is not maintained at a 
constant rate for a long time. 

3.1.4. Influence of the diameter of the hold-up 
loop und the truvelled puth 

In the experiments performed so far, a dye was 
aspirated and immediately propelled to the detec- 
tor; consequently, the path it travelled inside the 
loop was the minimum required for aspiration. On 
the other hand, a chemical reaction entails aspirat- 
ing at least two reactants (sample and reagent). As 

a result, every aspirated substance except the last 
must travel a longer path along the hold-up loop, 
which will inevitably increase their dispersion. 

In order to assess this effect, a series of experi- 
ments was carried out where a preset volume of dye 
solution was aspirated first, followed by a fixed 
volume of carrier (water). The S,/2 values as a 
function of the aspriated carrier volume (0, 100, 
200. 300 and 400 ,uL) at various diameters of the 
hold-up loop (0.56,0.8, 1.0, 1.5 mm) was obtained. 
As expected, the path travelled inside the hold-up 
loop greatly affected the dye dispersion as a result 
of the longer distance travelled; however, the dis- 
persion was scarcely affected by the inner diameter 
of the hold-up loop because the latter did not alter 
the residence time, which was only dependent on 
the aspirated volume. In fact, S,$? was found to 
depend virtually linearly on the aspirated carrier 
volume in every instance (R2 ranged from 0.9781 
to 0.9986). 

It sould be noted that the path travelled by a 
substance cannot be altered at will as it is dictated 
by the chemical reaction involved and the aspirated 
reactant volumes in each case. Therefore, the di- 
mensions of the reaction loop are much more 
influential than those of the hold-up loop-the 
latter need only be large enough to hold the 
aspirated reactants and prevent them from reach- 
ing the propulsion system (syringe) and contami- 
nating the carrier. 

3.2 Dispersion projile dupe 

The S,/2 value for an SIA system is a measure of 
dispersion but provides no spatial information on 
diffusion profiles. To find out whether the shape of 
such profiles is indicative of the extent of mutual 
reactant dispersion in SIA systems, the way it is 
influenced by the most significant experimental 
variables was studied. For this purpose. a series of 
experimental assemblies was tested by injecting a 
dye volume equal to S,:, and comparing the shape 
of the peaks thus obtained, which were virtually 
the same height. In the assemblies tested we varied 
the reactor i.d. (0.5, 0.56. 0.8, 0.86, 1.0 and 1.5 
mm), the reactor length (0, 1, 2 and 3 m) and the 
path travelled inside the hold-up loop (0, 100, 200, 
300 and 400 FL). 
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. 

Fig. 3. Variation of peak width with S, ?. Dye. BTB (23 mg 
L-l): hold-up loop Cd. = I.0 mm; y = 3.6 mL min ‘. 

To summarize the results, two parameters re- 
lated to peak shape were used, namely, the width 
at half-height (MB) and a “symmetry factor” given 
by f; = W, itvZ (the meanings of ~1, ~1, and ~2’~ are 
shown in Fig. 3). Figs. 3 and 4 show the variation 
of w and f,, respectively, with S, >. 

As can be seen from Fig. 3. whichever experi- 
mental variable is altered, peak width was linearly 
related to S,:, (the straight line thus obtained 
fitted the equation w = 1.98. lop3 + 5.1 lop4 

080 

i . 
075 -, 

-4 070 -~ 

Fig. 4. Variation of peak symmetry with S, 2. Dye, BTB (23 
mg LC’); hold-up loop i.d. = 1.0 mm; y = 3.6 mL min-‘. 

S 12; R2 = 0.9858) consistent with the cxpecta- 
tions-in fact, the experimental design used en- 
sured the same dispersion in every instance and 
hence a peak width proportional to the injected 
volume (S,;,). 

The situation of Fig. 4 is rather different. The 
symmetry of the dispersion profiles depends on 
both S,:, and the instrumental parameter fitted to 
obtain it. As can be seen in the figure, increasing 
S,/* by augmenting the reactor length or the path 
travelled along the delay coil also increased peak 
symmetry, probably as a result of the increased 
residence time, which is consistent with the theo- 
retical predictions of Vanderslice et al. for FIA 
systems [5]. However, changes in symmetry with 
the reactor inner diameter followed the opposite 
trend, which in principle may have been the result 
of altering the tubing diameter resulting in an 
altered velocity profile within and hence in differ- 
ent dispersion mechanisms in each experiment. 

As a rule, two systems having an identical S,:2 
value obtained from different combinations of 
instumental parameters may lead to dispersion 
profiles of the same width but different symmetry. 

3.3. Optimizution of systems involt;ing a chemical 
reaction 

In order to evaluate the effect of the parameters 
studied on a system involving a straightforward 
chemical reaction, four SIA systems for the deter- 
mination of Fe(I1) by its reaction with o-phenan- 
throline were assembled. They differed in the 
dimensions (length and inner diameter) of the 
reaction loop, which, as shown above, were the 
more influential of the parameters studied. The 
systems were designed in such a way that two had 
a very similar S,:, value-though obtained from 
different combinations of instrumental parame- 
ters-whereas the other two had a S,;, value 
below and above, respectively, the previous one. 

The four systems were optimized using the sim- 
plex method with the aspirated sample and 
reagent volumes as optimization parameters (their 
concentrations and all other parameters were kept 
constant throughout). The simplex variant used 
was that of unidirectional advancement with con- 
traction and interpolation [6], and the termination 
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Table I 
Characteristics of the systems optimized and optima obtained 

System Parameter Optimum found 

Reactor i.d. Reactor length s I 2 I/ rragmt ~mplr F No. 
(mm) (ml (/IL) (PL) (PLL) iter. 

A 0.86 0.59 264 295 854 152.3 21 
Cl.12 s, 2) (3.23 S, 2) 

B 0.56 2 250 255 600 164.3 16 
(1.02 s, 2) (2.4 S,pz) 

C 0.5 1 110 256 302 172.2 20 
(2.3 S, 2) (2.7 s,,,) 

D 0.86 1 487 291 1078 141.3 13 
(0.60 S, ?) c-L.21 s, 2) 

Reagent: 1.16 x 10-l M o-phenanthroline in I M acetic/acetate buffer, pH 4.5. 
Sample: 2.1 x 10m5 M Fe(I1) in 0.5% (w/v) hydroxylamine 
y = 3.6 mL min- ‘; hold-up loop i.d. = 1.0 mm. 

criterion used was a difference less than 1% be- 
tween the simplex vertices. The optimized object 
function was 

F= 
/h v* \ (2) 

exp vnlax \T 
where h is peak height, V, the total aspirated 
volume (sample and reagent) and V,,, the maxi- 
mum aspirable volume (4 mL in our case). This 
function was chosen in order to maximize simul- 
taneously the analytical signal and the sample 
throughput (by minimizing the aspirated volume). 

In principle, if the four systems had been equiv- 
alent, they should have exhibited similar optimal 
design parameters. Consequently, the differences 
between the optimum parameter values are mea- 
sures of the degree of similarity between them. 

Table 1 shows the experimental conditions used 
in each system and the position of its optima. Fig. 
5 shows the dispersion profiles for the sample and 
reagent at each optimum, together with the ana- 
lytical peak obtained in each case. The profiles 
were obtained by injecting two appropriate vol- 
umes of dye (23 mg L ’ BTB) and may not 
coincide fully with the actual profiles for the 
sample and reagent but are the best approxima- 
tions one can obtain. 

As can be seen, none of the four optima coin- 
cided. However, the two systems with the same 

S,:, value were much more similar to each other 
than the rest regarding the position of their op- 
tima and the shape of their dispersion profiles. 

4. Conclusions 

From the results obtained in the study of the 
influence of experimental parameters, we can 
conclude that the FIA and SIA systems present 
similar behaviours as a consequence of their 
equivalent hydrodynamic foundation. However, 
SIA systems have a unique feature, the flow rever- 
sal, which modifies the interdispersion of the in- 
jected plugs. 

The results obtained in this work allow one 
to draw several interesting conclusions about the 
design and optimization of SIA systems. 

Thus, in studying the performance of a given 
system, one should bear in mind that dispersion 
profiles obtained by using a dye will possibly be 
somewhat different from the real profiles for the 
analytical reaction, even if the effect of the reac- 
tion and its kinetics are ignored. Consequently, 
such profiles can only be used as guidance. 

Appropriate choice of various parameters al- 
lows one to obtain S,;2 values over a relatively 
wide range for any SIA system. The choice must 
be consistent with the purpose of the work con- 
cerned. It should be noted, however, that similar 
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Fig. 5. Dispersion profiles and response obtained at the optima for the four systems studied. For conditions, see Table 1. 

S, :2 values obtained from different combinations 
of parameters can cause different dispersion profi- 
les and therefore to a different extent of sample+ 
reagent interdispersion. This can be almost critical 
depending on the particular chemical system in- 
volved 

system. it provides no information on geometric 
factors (particularly symmetry). Therefore, while 
S,:, can be used as a guidance to choose a starting 
point, it seems each particular system must in- 
evitably be optimized specifically. 

The most influential parameters on SIA system 
design are the length and inner diameter of the 
reaction loop. 

S,,z values seemingly do not allow for direct 
extrapolation of the results to different systems. 
While S, Z is a measure of dispersion in a given 
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Abstract 

The present work describes a selective, rapid and economical method for the determination of cobalt using the 
2-(2-benzothiazolylazo)~p-cresol (BTAC) as a spectrophotometric reagent associated with a solid extraction on 
polyurethane foam. The BTAC reacts with Co(II) in the presence of Triton-X100 surfactant forming a green complex 
with maximum absorption at 61.5 nm. The reaction is used for cobalt determination within a pH range of 6.50-7.50, 
with an apparent molar absorptivity of 1.62 x lo4 L mol- ’ cm- ‘_ Beer’s Law is obeyed for a concentration of at least 
1.60 pug ml -- ‘. A selective procedure is proposed for cobalt determination in the presence of Fe(II), Hg(II), Zn(I1) and 
Cu(I1) up to milligram levels using masking agents. Polyurethane foam is used for the preconcentration and separation 
of cobalt from thiocyanate media and this procedure is applied to its determination in nickel salts and steel alloys. 

Keywords: Cobalt determination; Spectrophotometric reagent 

1. Introduction 

Some highly sensitive reagents for the spec- 
trophotometric determination of cobalt have been 
proposed, and their sensitivity, expressed in molar 
absorptivity, is as high as 6.0 x lo3 M ~ ’ cm - ’ 
(4-bromodibenzoylmethane) [I], 1 .OO x lo4 M- ’ 
cm-’ (3-hydroxy-propyl-1-phenylthiazine) [2], 
9.80 x lo4 M-’ cm-’ (5-Br-PADAP) [3]. 11.60 x 

* Corresponding author. Fax: (+ 55) 21-5902692 

lo4 M - ’ cm- ’ (5-Br-PADAB and TAMSMB) 
[4], and 1.20 x lo3 M ~’ cm-’ (2-nitroso-l-naph- 
thol) [5]. Also, these reagents usually have low 
selectivity and interference occurs; especially when 
nickel, copper, mercury, molybdenum and iron 
are present in large quantities; therefore separa- 
tion procedures are often required. 

So far, cobalt has been separated from various 
interferents by solvent extraction from di- 
ethyldithiocarbamate using carbon tehrachloride 
at pH 10 [6] or from 4 M thiocyanate solution in 

0039-9140/96/$15.00 sa 1996 Elsevier Science B.V. All rights reserved 
PIZ SOO39-9140(96)01931-5 
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the presence of hydrochloric acid using methyl 
isobutyl ketone [7] with back extraction and spec- 
trophotometric measurements. The anion ex- 
change procedures for cobalt separation have been 
effectively used but metal elution frequently occurs 
at high (4-9 M) hydrochloric acid concentration 
[7]. Recently, a preconcentration method for cobalt 
determination has been proposed based on the 
adsorption of its ion associated complex with 
2-nitroso-I-naphthol-3,6-disulphonate (nitroso R- 
salt) and tetradecyldimethylbenzylammonium io- 
dide or chloride supported on naphthalene as a 
synthesized reagent [8,9]. The cobalt was measured 
by atomic absorption spectrometry or second 
derivative spectrophotometry, after solubilization 
of the loaded synthesized reagent in an appropri- 
ated volume of dimethilformamide. 

Polyurethane foam (PUF) has been used as a 
solid organic sorbent for a wide variety of inor- 
ganic and organic compounds from different me- 
dia [lo-121. The first detailed study on the 
separation and preconcentration of iron(II1) and 
cobalt(I1) in aqueous thiocyanate solutions was 
published by Braun and Farag in 1978 [l 11, and 
demonstrated that no more than five min was 
necessary to achieve quantitative (99%) extraction 
of cobalt from 0.2 M thiocyanate solutions in 
batch process. Hamon and Chow [13] published a 
systematic investigation of the extraction of cobalt 
from thiocyanate solution under a wide variety of 
conditions using cut cubes of PUF (1.3 cm edge), 
so that a volume of 150 mL of the cobalt-thio- 
cyanate solution was equilibrated with 50 mg PUF 
by a batch squeezing extraction technique. This 
extraction was enhanced by high thiocyanate con- 
centration and high ionic strength, between a pH 
range of 1.0-9.0, but it took a very long time to 
complete. PUF unloaded and loaded with l-(2- 
pyridylazo)-2-naphthol has been shown to absorb 
quantitatively traces of cobalt, zinc and iron from 
acidic thiocyanate solutions and this formed the 
basis of subsequent cobalt determination by X-ray 
fluorescence [ 14,151 and neutron activation analy- 
sis [16] directly on the foam. The PUF thin layer 
spectrophotometry [ 171 was demonstrated as a 
technique; the colored complex was extracted and 
measured directly on the foam. Abbas et al. [18] 
presented a procedure for the microdetermination 

of cobalt in water by direct PUF thin layer spec- 
trophotometry based on the blue color of the 
cobalttthiocyanate complex, which is quantita- 
tively extracted from 1 M thiocyanate solutions, 
however the presence of Fe(III) and MO(V) in large 
quantities cause interference. 

The reagent 2-(2-benzothiazolylazo)-p-cresol 
(BTAC) was introduced by Gusev et al. [19] for the 
spectrophotometric determination of cadium, zinc 
and copper and layer by Fraga [20] as a spec- 
trophotometric reagent for nickel determination in 
metal alloys. 

This work describes the use of BTAC as a 
spectrophotometric reagent for cobalt, associated 
with solid extraction on PUF from thiocyanate 
medium to provide a selective, sensitive and rapid 
method for cobalt determination in the presence of 
large quantities of nickel, iron and molybdenum. 

2. Experimental 

2.1. Apparatus 

Spectrophotometric measurements were made 
using a Micronal-B342II spectrophotometer with 
matched 1.00 cm quartz cells. A PorcyonSA720 
pH meter was used to measure the pH values of the 
solutions. 

2.2. Reagents 

All reagents were of analytical grade unless 
otherwise stated. BTAC (Pontificia Universidade 
Catolica-prepared [20]) solution (400 pug ml - ‘) was 
prepared by dissolving the purified reagent in 
absolute ethanol (Merck). Standard cobalt(I1) so- 
lution (1000 pg ml ~ ‘) was prepared by dissolving 
cobalt(I1) acetate in demineralized and double-dis- 
tilled water, it was standardized by 4-(2-pyridy- 
lazo) resorcinol-EDTA complexometry. The buffer 
solution was prepared by mixing ammonium chlo- 
ride solution with ammonium acetate solution in 
appropriate ratios and the pH was adjusted to 
6.80. 

Triton X-100 solution (5%) was prepared by 
dissolving 5.0 mL (Merck) in demineralized water 
and making to 100 mL. Potassium thiocyanate 
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solution (0.2 M) was prepared by dissolving the 
reagent (Carlo Erba) in demineralized water and 
adjusting to pH 3. The masking solution, contain- 
ing thiocyanate, thiosulphate and tartarate (1%) 
was prepared by dissolving the sodium salts (P.A., 
Merck) in demineralized water. 

A commercial, open cell, polyether-type PUF 
(Vulcan of Brazil--CON 202, 42% resilience 
and lo- 12 cells per linear cm) was pulverized and 
used as described previously [21]. 

2.3. Generul procedure 

2.3.1. Spectrophotometric determirlation of’ cobalt 
(Procedure A) 

A convenient aliquot of solution containing up 
to 16.00 pg of cobalt was transferred to a 10.00 
mL standard flask; 1.00 mL of nitrate solution 
(1 .O M), 1 .OO mL of masking solution, 1 .OO mL of 
TRITON X-100 solution (5%), 1.00 mL of BTAC 
solution (200.00 /lg mL ‘) and 2.00 mL of buffer 
solution (pH 6.80) were added. The standard flask 
was diluted to the mark with water and the ab- 
sorbance at 615 nm measured against a blank 
prepared containing all the solutions except 
cobalt. 

2.3.2. Sepuration of cobalt using PUF (Procedure 

B) 
An aliquot of thiocyanate solution (0.2 M) at 

pH 3 [11,13], containing a convenient amount of 
cobalt was transferred to a stoppered flask; 100 
mg of pulverized PUF was added and the volume 
was made up to 25.00 mL with the KSCN solu- 
tion (0.2 M, pH 3). The system was then shaken 
mechanically (VKS- 100 mechanical shaker. 100 
counts per min) and the PUF was collected by 
vacuum filtration (filter paper Q, = 2.0 cm), 
washed with KSCN solution (0.2 M, pH 3). 
squeezed with a piston of Teflon and the cobalt 
was back extracted instantaneously with 10 mL of 
ethyl alcohol 80% solution [22]. The cobalt was 
measured as described in Procedure A, with a 
corresponding amount of alcohol added to the 
blank solution. 

3. Results and discussion 

3.1. Churucteristics of the complex 

The Co-BTAC complex has a low solubility in 
water, but when the reaction occurs in the pres- 
ence of surfactant Triton X-100 it forms a green 
complex with maximum absorption at 615 nm in 
the pH range of 6.50 to 7.50. This complex is 
instantaneously formed, solubilized and it is sta- 
ble for at least one hour. The stoichiometry was 
studied at pH 6.80 and a 1:3 (metal:ligand) molar 
ratio was achieved with the absorbance signal 
remaining unaltered up to 1: 12, the molar absorp- 
tivity was 1.62 + 0.02 + lo4 L molt ’ cm ‘. The 
addition order of the reagents does not affect the 
complex formation. 

3.2. Ejfect of’pH 

The effect of pH on the Co-BTAC system was 
studied and the results demonstrated that the 
absorbance signal is maximum and constant at 
the pH range 6.50-7.50 (Fig. 1). The general 

0.10 I , 
I 

I 
-- -1 

5.00 6.00 7.cJl 8.00 9.00 

PH 

Fig. I. Effect of pH on the system Co- BTAC in 0.5 M 
ammonium chloride- ammonium acetate buffer. [Co] = 1.34 x 
IO-’ M: I=615 nm; [BTAC] = 1.48 x IOW’ M; OSO’i/o Tri- 
ton-Xl00 and 0.1 M NaNO,. 
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Fig. 2. Effect of surfactant Triton-X100 concentration on the 
system Co-BTAC in 0.5 M ammonium chloride-ammonium 
acetate buffer, pH 6.80. [Co] = I .34 x 10 ~’ M; i. = 615 nm; 
[BTAC] = 1.48 x lo- * M; 0.1 M NaNO,. 

Procedure A was developed with an ammonium 
chloride-ammonium acetate solution adjusted to 
pH 6.80. The effect of the buffer concentration on 
the CooBTAC system indicates that is does not 
affect the absorbance signal when the buffer ana- 
lytical concentration varies up to 0.5 M. 

3.3. Eflect of Triton X-100 surfactant 

The BTAC and its cobalt complex have a low 
solubility in water but they can be solubilized 
using Triton X-100. However, it was observed 
that the absorbance signal of the Co-BTAC sys- 
tem increases as the amount of surfactant is in- 
creased and a maximum signal is achieved 
between 0.4 and 1.0% (Fig. 2). Thus, 0.5% of 
Triton X-100 was selected as the optimal concen- 
tration in the general procedure. 

3.4. Effect of interfering ions 

The influences of some anions, cations and a 
number of complexing species that could be ap- 
plied as selective masking agents were examined. 

Solutions containing 10.00 pug of cobalt and vari- 
ous amounts of several cations and anions were 
prepared and measured under the optimum exper- 
imental conditions. The interference limit of an 
ion was arbitrarily established when a 2% change 
in the absorbance of the complex CooBTAC was 
observed. Large amounts of thiocyanate (100 mg); 
chloride, fluoride, bromide, iodide, nitrate, ac- 
etate, thiosulphate and tartarate (10 mg); and 
sulphate and borate (5 mg) could be tolerated. 
Phosphate was tolerated at a low amount (0.01 
mg) and EDTA interferes seriously. The metallic 
ions examined which did not interfere up to a 5 
mg level are Cr(III), Mo(VI), Bi(III), Al(III), 
Fe(II1) and Ga(II1); and up to a 1 mg are Be(II), 
Mg(II), Mn(II), Sn(I1) and Pb(I1). However, up to 
1 mg Fe(II), Hg(II), Zn(II), Cu(I1) and Pd(I1) 
could be masked with 1.00 mL of masking solu- 
tion. Interference of Ni(I1) was only eliminated by 
solid extraction on polyurethane foam (PUF). 

3.5. Analytical characteristics of the method 

The straight line calibration curve indicates that 
Beer’s Law is obeyed up to a calculation of 1.60 
pg mL- ‘. The graph passes through the origin 
with the linear dynamic range between 0.08-1.06 
pug mL- ’ and a coefficient of variation of 1.23%. 
The system Co-BTAC presents 273.5 mL pgg ’ 
as the analytical sensitivity [23], with 0.547 mL 

PC’ as the calibration sensitivity [23], 10 ng 
mL - ’ as the detection limit, and 80 ng mL ~ ’ as 
the limit of quantitation [24]. 

3.6. Solid extraction of cobalt using PUF as a 
separation procedure 

Solid extraction of cobalt from 0.2 M thio- 
cyanate solution at pH 3 was made in batch with 
0.20 g of pulverized polyether-type PUF or in a 
column at a flow rate of 2.0 mL min ‘. Under 
this condition, the cobalt was completely ex- 
tracted into the PUF while the nickel remained in 
solution. When the Fe(II1) ion is reduced with 
ascorbic acid it is not extracted. MO(V) is ex- 
tracted only at low amounts and extraction is 
slow. To prevent MO(V) interferences in the pro- 
posed procedure, 30% hydrogen peroxide (0.20 
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Table I 
Cobalt determination in the presence of nickel 

pg Co taken 118 Ni taken ,~g Co found ‘% Co recovery 

IO 9.9 98.9 
10 9.9 99.0 
IO 10000 IO.1 101.1 

1 5000 I.0 100.0 

mL) was added before the addition of the Triton 
solution during Procedure A. Cobalt extraction is 
swift and 10 min was sufficient to extract up to 
73.00 lug cobalt with 60 mg of PUF, or 1.20 
mmoles cobalt per gram PUF. Ten min was used 
for all of the extractions. The cobalt was quantita- 
tively recovered (Table 1) after back extraction 
with 80% ethyl alcohol solution by batch proce- 
dures. Experiments using the column system re- 
quired a very long time for complete cobalt 
elution because the polyether-type PUF used 
swells greatly in this medium [22]. 

3.7. Application 

Procedure A was successfully applied to cobalt 
determination in waste water and the results, 
compared with inductively coupled plasma atomic 
emission spectrometry (ICP-AES) (Table 2) indi- 
cate that the proposed procedures provide very 
good accuracy and precision. For cobalt determi- 
nation in nickel salts and standard steel alloys 
matrices a separation step was needed, then a 
solid extraction with PUF was applied as de- 
scribed in Procedure B. The standard steel alloys 
samples preparation were made using hy- 
drofluoric and hydrochloric acids with 1.00 mL of 
30% hydrogen peroxide. In all of the cases the 
samples were heated, evaporated to dryness, solu- 

Table 2 
Determination of cobalt in waste water 

Sample 

A20-04 
B20-0 1 

Co found 

(icg mL-‘) 

1 .Ol * 0.03 
1.28 * 0.03 

Co found by 
ICP-AES (pg mL-‘) 

1.06 + 0.03 
I. 18 f 0.05 

‘1 able 3 
Cobalt determination in nickel salts and standard steel alloys 

Sample Certified values 
(‘Xl) 

NiClz 0.0075 * 0.0005(5) 0.007” 
NiClz 0.21 + 0.006(5) 0.21” 
NiSO, 0.024 & O.OOl(4) 0.023” 
M. Planck 234-1 2.725 i 0.008(S) 2.73 
F-SO (CNEN) 0.0445 ) 0.0001(20) 0.045 
F-50 (CNEN) 0.0446h 0.045 
IPT-AISI I36 0.259 k 0.003(S) 0.26 

a By ICP-AES. 
h Standard addition. 
(JV), number of determinations. 

bilized in 0.1 M hydrochloric acid solution and 
filtered, when necessary, before final dilution. Ap- 
propriate aliquots were taken and sufficient 
KSCN salt was added to make 0.2 M solutions; 
the pH was adjusted to 3 and ascorbic acid was 
used to reduce Fe(II1). The results are presented 
in Table 3. 

4. Conclusions 

The solid extraction using PUF provides a sim- 
ple, rapid, selective and economical method for 
preconcentration and separation of cobalt from 
samples containing large amounts of nickel, iron, 
and molybdenum into 0.2 M thiocyanate solution 
at pH 3. The back extraction with 80% ethyl 
alcohol solution was instantaneous and batch 
procedures may be recommended as more effec- 
tive. This proposed cobalt separation procedure 
can be employed using another technique instead 
of spectrophotometry, and the PUF may be 
reused after washing with 80% ethyl alcohol solu- 
tion and a large amount of distilled water [22]. 
The analytical appliation of the reagent BTAC is 
an original contribution for cobalt determination 
and the proposed method can be applied to the 
spectrophotometric determination of cobalt in 
matrices containing large amounts of nickel, iron 
and molybdenum. 
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Abstract 

A miniature aerosol collector based on electrostatic precipitation is described. The sampled aerosol is charged in the 
device by positive corona discharge and electrostatically collected. The device is operated as a collection interface for 
aerosol analysis, the collection surfaces can be washed in situ and the effluent subjected to chromatographic analysis 
on-line, all in a fully automated manner. At a sampling rate of 0.5 1 min --I, near unity collection efficiencies are 
obtained for aerosols of 1 ILrn and lower size, the size class of greatest environmental interest. Atmospheric aerosol 
constituents such as sulfate can be measured at the ng mP3 level. The disadvantage of the present system is that some 
artifact nitrate is generated (due to NO, production in the corona) and reliable values of ambient nitrate aerosol 
cannot therefore be obtained. 

Ke~~~or~Ls: Aerosol collection; Automated ion chromatographic analysis; Electrostatic micro-collection interface 

1. Introduction 

Aerosols are ubiquitous in our environment. 
They affect visibility, climate, our health and 
quality of life. The exact role that atmospheric 
aerosols play depends on their chemical composi- 
tion, size distribution, and concentration. A better 
understanding of the effects of aerosols requires a 
knowledge of all three of the above parameters. 
There are various techniques for aerosol collec- 

tion and measurement; extant monographs de- 
scribe these techniques [1,2]. For the 
measurement of aerosol particle size distribution 
and total mass concentration, many automated 
instruments are commercially available. However, 
at the present time, the measurement of the chem- 
ical composition of aerosols is usually carried out 
in discrete steps: first the sample is collected with 
filters, impactors or cyclones, and then analysis, 
usually preceded by a dissolution/extraction step, 
is carried out. Such multi-step methods are labor 
intensive and do not allow on-line analysis. A few 
automated schemes have been reported [3- lo]. 
With the exception of the most recent papers 

* Corresponding author. Fax: (806) 742.1289; e mail: 
VEPPD@ttacs.ttu.edu 
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[3-51, these are largely aimed toward a specific 
species such as aerosol H,SO, and rely on some 
unique physicochemical property of that species, 
In recent years, significant efforts have been 
devoted to the mass spectrometric analysis of 
individual aerosol particles [l 11; however, the cost 
and bulk of such instrumentation precludes their 
widespread use in the near future. 

Collection of particles by electrical means is 
well known [12]. The velocity of a charged particle 
in an electric field can be much higher than its 
gravitational or inertial velocity. This is exploited 
in the industrial use of electrostatic precipitators 
for the removal of aerosols. The two basic steps 
involved are (a) to charge the particles and (b) to 
subject them to an electric field such that their 
electrostatic field induced migration will cause 
them to deposit on a collection surface. One 
characteristic of electrostatic precipitators is their 
high collection efficiencies (999100%) over a wide 
range of particle sizes (approximately 0.0555 pm) 

u21. 
In this report, we describe a miniaturized elect- 

rostatic collector, similar in geometry to a wire-in- 
tube electrostatic precipitator [12], coupled to an 
ion chromatograph (IC). This arrangement perm- 
its the automated analysis of soluble components 
of atmospheric aerosols, with the exception of nit- 
rogen oxyanions (because some NO, is produced 
in the system). The relationships between the col- 
lection efficiency and the experimental parameters 
have been evaluated and are discussed. 

2. Experimental 

A schematic diagram of the overall experimen- 
tal arrangement is shown in Fig. 1. It consists of 
three major parts, an aerosol generation system, 
an aerosol collection interface and an IC analysis 
system. 

2.1. Aerosol generation system 

Monodisperse aerosols were generated by a 
model 3450 Vibrating orifice aerosol generator 
equipped with a 20 pm diameter orifice (TSI, St. 
Paul, Minnesota, USA) by nebulizing sodium sul- 

fate solutions of various concentration, and were 
used to test the performance of the micro-collec- 
tion interface. A model 3054 aerosol neutralizer 
(TSI) was installed in the drying chamber of the 
aerosol generator to neutralize the electrostatic 
charge that exists on aerosol particles generated 
by solution nebulization. The neutralizer contains 
a 10 mCi krypton-85 radioactive source and is 
capable of charge neutralizing an aerosol flow up 
to 150 1 min’. It was used throughout the exper- 
iment. In order to generate uniformly sized aero- 
sol particles, we selected a flow rate and vibration 
frequency of 0.139 m min-’ and 68 kHz, respec- 
tively; this satisfies the condition, 3.50, < L < 70, 
(where Dj is the diameter of the orifice and L is 
the length of the liquid jet between vibrations; for 
the presently used combination, L = 5.4Dj), for 
the generation of uniform liquid droplets [ 131. The 
sodium sulfate solutions were prepared in distilled 
and deionized water (NANOpure, Barnstead); the 
level of nonvolatile impurities in the solvent was 
negligible. After evaporation of the solvent in the 
drying chamber, the spherical equivalent diameter 
of the dry particles is given by 

drying chamber 

Fig. 1. Schematic diagram of the experimental arrangement. 
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where d, is the diameter of the original droplet, C 
is the Na,SO, concentration of the solution in g 
cmm3 and p is the density of solid Na,SO,. 

A laser-based multichannel particle counter 
(mode1 A2212-010115-1, Met-One, Grant’s Pass. 
Oregon, USA) was used to measure the optical 
diameter of the particles. Although eq. (1) as- 
sumes spherical particles, aerosols of ionic salts 
produced by solution nebulization do not, of 
course, produce speherical particles. The diame- 
ters obtained from optical scattering experiments 
thus tend to be somewhat higher than the calcu- 
lated spherical equivalent diameters. For a solu- 
tion concentration of 15.6 pg crnmm3 Na,SO,, a 
mass median diameter (MMD) of 1.26 f 0.08 pm 
was obtained from the size distribution data gen- 
erated by the laser particle counter. The aerosol 
formed by nebulizing sodium sulfate solution 
is probably in its most hydrated form: 
NazSO,.lOH,O (molecular weight = 322.19 and 
p = 1.464). One thus calculates a particle diameter 
of 1.16 pm according to eq. (l), close to the 
results obtained with the optical instrument. 

The dispersion and dilution air was provided by 
a model 737-14A pure air generator (AADCO, 
Clearwater, Florida, USA). These flow rates were 
set at 20 and 65 1 min’, respectively. Under these 
conditions, the aerosol from the aerosol generator 
had a flow rate of about 85 1 min ‘, which was 
much larger than the sampling flow rates (0.1-2 1 
min ‘) used in the present experiments. The aero- 
sol flow was divided with a concentric annular 
flow splitter (Fig. 1). By adjusting the opening size 
of the split vents, the desired flow rate could be 
approximately obtained in the aerosol transporta- 
tion tube (8 mm i.d. copper conduit). The collec- 
tion device was directly inserted into the 
downstream end of the copper tube, the gap 
between the collection device body and the copper 
tube served as another vent. 

2.2. Aerosol collection interjkce 

The micro-collection interface in Fig. 1 is 
shown in greater detail in Fig. 2. 

debubbler 
/ 

mixed-bed ion 
exchange column 

aerosol transportation 
copper tubing 

Fig. 2. Details of the collection interface 

The collection device consists of two concentric 
stainless steel tubes of about 30 mm x 2.7 mm 
i.d. x 3.4 mm o.d., and 80 mm x 0.2 mm id. x 0.4 
mm o.d. These are referred to as the outer elec- 
trode and the center electrode, respectively. These 
tubes were fixed in position through two 
polypropylene tees (l/8” and l/4”, Ark-Plas Inc., 
Flippin, Arkansas, USA). The top end of the 
center electrode was extended through the tee and 
connected via a peristaltic pump to the preconcen- 
tration column of an IC system. The exposed part 
of this metal tube was connected to a high voltage 
power supply (Mode1 PS350, Stanford Research 
Systems, Inc., Sunnyvale, California, USA). The 
outer electrode was electrically grounded. The 
bottom end of the center electrode protruded 
about 2 mm beyond the outer electrode end. This 
arrangement avoids arcing between the ends of 
the center and the outer electrodes. Such arcing 
must be avoided because it can occur before 
corona discharge begins. Arcing cause a current 
spike from which the high voltage power supply 
takes time to recover. Arcing could be eliminated 
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by making the center electrode protrude slightly 
below the outer electrode. The aerosol sample was 
aspirated into the collection chamber by a vac- 
uum pump. The sampling flow rate was controlled 
by a mass flow controller (Model FC280, Tylan 
General, Torrance, California, USA) with an up- 
stream filter to prevent aerosol intrusion. At any 
given sampling flow rate, an approximately isoki- 
netic sampling condition [14] was obtained by 
adjusting the annular vent and thus the appropri- 
ate aerosol flow rate through the copper tube. 

detector. The sampling loop of the IC injection 
valve was replaced with an AG 11 column (4 x 50 
mm) for analyte preconcentration. An AS 11 
column (4 x 250 mm) was used for separation. A 
10 mM sodium hydroxide solution was used as 
the eluent at a rate of 1.0 ml min’. 

2.4. Measurement of collection efficiency 

After the aerosol sample was collected for the 
desired period (typically 20 min), the collection 
surface was washed and the washings were pre- 
concentrated on the IC system. Deionized water 
was delivered by a peristaltic pump. Before enter- 
ing the annular aerosol collection area through 
the outer tube, the water was further deionized 
through a mixed-bed ion exchange resin (Dowex 
MR-3, Sigma) mini column. To ensure that all of 
the input liquid wash solution was aspirated back, 
the aspiration flow rate was set at nearly twice the 
input flow rate. Bubbles in the aspirated solution 
were removed before entering the IC preconcen- 
tration column by a debubbler. The debubbler 
was made by first cutting three rectangular open- 
ings (approximately 2 mm x 0.8 mm) on a seg- 
ment of PTFE tube (approx. 30 mm x 1 mm 
i.d. x 1.4 mm o.d.) and then covering the open- 
ings by wrapping the tube with about 20 layers of 
stretched Teflon tape (plumber’s tape). Without 
this debubbler, spikes and baseline shifts are ob- 
served in the chromatographic data output, com- 
plicating data interpretation. Typically, about 2 
ml of deionized water was pumped through the 
system for complete washing. Before aerosol sam- 
pling was begun again, the system was cleaned 
and dried as follows. A two-way (on/off) valve 
was turned on and compressed nitrogen from a 
cylinder, regulated at 8 lb in2, was admitted into 
the annular space to blow away any lingering 
liquid and dry the whole system. 

The input aerosol concentration was measured 
by sampling the aerosol through a Millipore (type 
HA) membrane filter (0.45 pm pore size) at the 
same flow rate as that used by the collection 
interface, measuring the amount of sulfate in the 
aqueous extract of the filter by IC, and thus 
calculating the aerosol (sulfate) concentration. 
The ratio of the amount of sulfate collected by the 
collection device during the experiment to the 
amount of the sulfate aspirated through the 
collection device was considered the collection 
efficiency. 

2.5, Experimental protocol 

2.3. IC measurement system 

During the initilization step before each sam- 
pling/analysis cycle, the air and liquid pumps and 
the HV supply are switched off and compressed 
nitrogen is turned on for 60 s to clean and dry the 
system. The IC system is in the process of analyz- 
ing the sample from the previous cycle at this 
time. Sampling is conducted during the next step 
for a desired period (20 min is typical for ambient 
air experiments), with the sampling pump on and 
high voltage applied to the collector while the IC 
system continues its analysis of the sample from 
the previous cycle. In the final step, the collected 
sample is washed from the interface and loaded 
on to the IC preconcentration column. The sam- 
pling pump and the HV supply are turned off, the 
liquid pump is turned on and the IC injection 
valve is switched to the load mode. Washing/load- 
ing is conducted for 5 min to ensure that all the 
sample is loaded. The system then returns to the 
initialization step, with the IC valve simulta- 
neously switching to the inject mode. 

The IC analysis system was based on a Dionex When a series of experimental runs were first 
model DX-100 ion chromatograph equipped with commenced, the collection device was discon- 
a self-regenerating suppressor and a conductivity nected from the aerosol source tube to avoid any 
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residual water in the collection apparatus being 
blown into the aerosol source transportation con- 
duit. The collection device was reconnected before 
step 2. There was no need to disconnect the 
collection device after the first measurement cycle. 

Initially, the amounts of sulfate and nitrate 
were quantitated based on both peak area and 
peak height. Because there was no significant 
difference between these two approaches only 
peak heights were henceforth used. 

3. Results and discussion 

The dimension of the outer electrode for typical 
wire and tube geometry electrostatic precipitators 
is from approximately 15 cm i.d. x 2 m for small 
units, up to approximately 30 cm i.d. x 5 m for 
large units [15]. For the present experiments, this 
size was reduced to approximately 2.5 mm i.d. x 
2.5 cm. With electrodes of this size, the collected 
aerosol could be washed off conveniently by 
pumping a modest amount of water through the 
annular space, because water covered the entire 
annular space as it flowed through this small gap. 
In principle, increasing the tube length will in- 
crease the particle collection efficiency. However, 
it is necessary that the center electrode be fixed 
concentrically in the system: this can be difficult 
when it is long, due to its flexibility. A stable 
corona discharge could not be generated if the 
center electrode was made significantly larger to 
improve rigidity. A center electrode that is too 
small is difficult to fix rigidly in position and 
exhibits high liquid flow resistance. This is prob- 
lematic since it is the conduit through which the 
wash solution is aspirated. 

3.2. Type oJ’ corona dischrge 

Generation of corona discharge inside the col- 
lection chamber results in charging of the particles 
and is important for high efficiency collection of 
the aerosol particles. Chemical composition of 
aerosols can vary as a function of size. If a 
collection device does not collect with a high, 

preferably quantitative, efficiency, the analysis 
may be biased towards one end of the size spec- 
trum. 

Industrial electrostatic precipitators use nega- 
tive corona discharge almost exclusively. This is 
reportedly because a negative corona is more 
stable when voltage on the center electrode was 
ramped; a spark discharge always preceded the 
establishment of a stable corona. The current 
spike associated with the discharge generally 
caused the high voltage power supply to shut 
itself off. This could be avoided by using the 
power supply in the constant current mode. A 
stable positive corona was obtained within a cur- 
rent range of about 6 to 70 PA. However, we 
could not obtain a stable negative corona. Even 
after the size of the collection electrode was in- 
creased to 4.4 mm i.d., only occasionally could we 
get a stable negative corona. Therefore, a positive 
corona was used throughout these experiments. A 
negative corona may nevertheless be feasible with 
the choice of alternative electrode materials. 

We experimentally determined that a voltage of 
approximately 2.7 kV was the minimum required 
to generate a corona. Although this voltage varies 
with many experimental parameters, such as aero- 
sol particle composition and concentration, gas 
phase composition, pressure. temperature, sam- 
pling flow rate, etc., no corona discharge was ever 
observed below 2.5 kV. 

The collection efficiencies for two different 
aerosol sizes are shown in Fig. 3(a) as a function 
of the volgtage applied to the center electrode. 
Based on the current voltage curve (Fig. 3(b)), the 
voltage range can be divided into two parts, 
voltages lower than 2.5 kV where no corona 
discharge occurred and higher than about 2.8 kV 
where a stable corona was present. As can be seen 
from Fig. 3(a), before the presence of any corona 
discharge, the collection efficiency was low. Even 
before discharge occurs, the collection efficiency 
increased linearly with increasing voltage. Aerosol 
collection occurs in this regime because even in 
the absence of charging by a corona, there is 
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equilibrium Boltzmann charge on the particles 
[16]. Similar to the situation with an electrical 
aerosal analyzer [ 171. more particles deposit on 
the collection electrode as a higher voltage is 
applied. After corona discharge initially starts at 
approximately 2.5 kV, the current was not stable 
between 2.5 and 2.8 kV and increased very 
quickly with the voltage in this range as shown in 
Fig. 3(b). Above 2.5 kV, the collection efficiency, 
like the corona current, increased exponentially 
with the applied voltage. A stable corona and a 
stable current-voltage behavior was observed at 
applied voltages greater than 2.8 kV. Fig. 4 shows 
the collection efficiency as a function of corona 
current. It increased essentially linearly with the 
corona current until a corona current of about 
20 PA. 

Similar to the process that occurs during an 
electrical thunderstorm [ 181, NO., was generated 
as corona discharge occurred. Fig. 5 shows the 
amount of nitrate detected as a function of the 
voltage applied and the corona current. The level 
of artifact nitrate formed in this manner is clearly 
related to the corona discharge. A linear relation- 
ship exists between the corona current and nitrate 

(W 

T 

1.5 2.5 
Voltage applied to collection chamber. kV 

Fig. 3. (a) Collection efficiency as a function of voltage on the 
center electrode: sampling flow rate: 500 ml min-‘; sampling 
time: 20 min, in this and all subsequent figures. as applicable. 
(b) Current-voltage curve of the collection device. 
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Fig. 4. Collection efficiency as a function of corona current. 

amount collected (Fig. 5(b)). The nitrite levels 
found ranged from 5 to 10% of the nitrate con- 
centrations. There is little doubt that the nitrate 
originates from the reaction of excited nitrogen 
and oxygen atoms in the corona followed by a 
reaction with water vapor. Substitution of cylin- 
der nitrogen for air as the carrier gas virtually 
eliminated the occurrence of nitrate. Obviously, 
the present arrangement cannot be used to mea- 
sure the levels of ambient aerosol nitrate. 

200 1 r  200 3 7;’ 

3 
(a) W 

00 2.0 4.0 0.0 40.0 80.0 
Voltage applied kV Corona discharge current, MA 

Fig. 5. (a) Nitrate detected as a function of voltage on the 
center electrode. (b) Nitrate detected as a function of corona 
current. 
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--$- 2.14 pm diameter particle 
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20 

Fig. 6. Collection efficiency as a function of sampling flow 
rate. Corona current: 50 /IA. 

3.4. Collection efjkiency us u function of 
sampling jiow rate 

Fig. 6 shows the collection efficiency as a func- 
tion of sampling flow rate. 

These experiments were conducted at sulfate 
levels (l.OG6.0 pg rn-‘) that are typical of modest 
to high ambient sulfate concentrations. Almost 
quantitative collection was achieved at a flow rate 
of 60.5 1 min-‘. As the flow rate increased, the 
residence time of the particles inside the collection 
chamber decreased, and thence the collection effi- 
ciency decreased as well. An increase in the effec- 
tive residence time in the collection area is 
expected to enhance the collection efficiency. 

3.5. Collection of pparticulute sulfutr us u Junction 
of sampling time 

The collection of particulate sulfate increased 
linearly with the sampling time for both 2.14 pm 
and 1.15 ,~rn diameter particles (Fig. 7). This is 
useful since measurement sensitivity can be im- 
proved by increasing the sampling time. 

4. Conclusions 

We have investigated a simple electrostatic 
aerosol collection device that is easily coupled to 
liquid phase analytical systems. Although the data 
for only two different sizes have been reported 
here, particles of about 0.5 pm diameter have also 
been investigated, albeit in a less thorough man- 
ner. We could generate these smaller aerosols only 
in very low concetrations (about 100 ng rn-‘); it 
therefore becomes tedious and time consuming to 
collect sufficient sample on the filter for IC analy- 
sis to determine the collection efficiency. The im- 
portance of filter blank corrections also becomes 
significant and becomes a significant source of 
error in computing collection efficiency. Prelimi- 
nary data, however. indicated that collection effi- 
ciencies were 290% at a flow rate of 0.5 min ‘. 
The error margin is such that this collection may 
have been quantitative. We believe therefore that 
this approach can be effectively used for the col- 
lection and analysis of ambient aerosols in the fine 
particle fraction ( ~2 pm) which is generally the 
size class of importance both in regards to atmo- 
spheric visibility and human health effects. While 

400 
1 

rs w i 

1 
1’ 

F r*=0.9999 / /‘rz =0.9974 in. 

1 .I5 pm diameter paticles 1:) 2.14 pm diameter pstides 

0+--r ’ ’ ’ ’ I ’ ’ ’ ’ ‘P 
C ‘OC 200 100 420 

Sampling time, min 

Fig. 7. Collection efficiency as a function of sampling time. 
Corona current: 50 ,uA; concentrations of the 1 .I5 ,um 
and 2.14 ,um diameter aerosols are I .O and 5.1 pg rnm3, 
respectively. 
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the generation of artifact nitrate is a disadvan- 
tage, the system can be readily used for the con- 
tinuous collection and automated determination 
of slow or accidental release of hazardous sub- 
stances that can be chromatographically deter- 
mined. In the near future we expect to report on 
an electrical aerosol collection scheme from which 
nitrate production is eliminated. 
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Abstract 

The molar single ion activity coefficients associated with hydrogen. copper( cadmium(I1) and lead(H) ions were 
determined at 25°C and ionic strengths between 0.100 and 3.00 M (NaClO,), whereas for acetate the ionic strengths 
were fixed between 0.300 and 2.00 M. held with the same inert electrolyte. The investigation was carried out 
potentiometrically by using proton-sensitive glass, copper, cadmium and lead ion-selective electrodes and a second- 
class Hg/Hg,(CH,COO), electrode. It was found that the activity coefficients of these ions Q,) can be assessed 
through the following empirical equations: 

log y, = - 0.5421’ ’ + 0.45 II; log yc, = - 1 .249Z”-’ + 0.9 121; log yCd = - 0.829Z”.5 + 0.448Z’-5; 

log y,, = - 0.404Z0 j + 0.1171’: and log y,, = 0.03701 

Keywords: Ionic activity coefficients: Ionic medium effects 

1. Introduction 

Several complex systems of practical, biologi- 
cal, geological or general chemical interest com- 
prise mixtures of electrolytes in aqueous solutions. 
One of the most important problems in the study 

* Corresponding author. 

of the equilibria involved in such systems is the 
knowledge of the individual activity coefficients of 
the species in the presence of a background elec- 
trolyte [I] and the derivation of equations relating 
the stability constants of these species and the 
ionic strength of the medium [2,3]. In such condi- 
tions, extra-thermodynamic considerations must 
be introduced to determine the individual activ- 

0039-9140/96/$15.00 Q 1996 Elsevier Science B.V. All rights reserved 
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ity coefficient of an ionic or neutral substance, 
especially in the presence of an excess of inert 
electrolyte. 

Following this reasoning, Uemasu and 
Umezawa [I] stressed that ion-selective electrodes 
(ISEs) provide activity values for individual ions 
rather than concentrations and, therefore, by us- 
ing known concentrations, it is possible to evalu- 
ate ionic activity coefficients. They reported 
experimental and computational procedures to ac- 
complish the aforementioned task for Cu(l1) and 
Ca(l1) ions at ionic strengths ranging from 0.010 
to 3.00 M, held with different background elec- 
trolytes, in aqueous solution. Later, Capone et al. 
[4] determined the proton activity coefficients, 
also in aqueous solution, by using a proton-sensi- 
tive glass electrode, at 10, 25, 37 and 45 “C and 
0.01 ,< I < 1 .OO M, in the presence of several back- 
ground electrolytes. 

Ochiai [5] also recognized that the activity and 
hence the activity coefficient of an individual ion 
can be measured, at least approximately, with an 
ion-selective electrode and suggested that tradi- 
tional statements such as “activities or activity 
coefficients for individual ions cannot be mea- 
sured because an individual ion cannot exist inde- 
pendently in a solution, and therefore the mean 
activity coefficient is the only meaningful parame- 
ter” may need revision, in spite of the fact that 
no solution containing only one kind of ion is 
possible. 

In this paper, we propose a potentiometric 
method for evaluating the activity coefficients of 
hydrogen, copper( cadmium(l1). lead(l1) and 
acetate ions by using ion-selective electrodes in 
the presence of sodium perchlorate at 25 “C, 
adopting simple empirical equations relating these 
parameters with the ionic strength of the medium. 
In Part II, assuming that similar ions should 
display similar equilibrium parameters, simple 
equations are developed in order to calculate at 
least approximate values for equilibrium con- 
stants associated with some metal ion complexes, 
starting from the data obtained in this work. 

2. List of main symbols 

OAc acetate ion 

Ai 

d 

E 

(Et% 

E, 
h 

; 
ISE 

P 

M 
Me 

P”H 

r 

a function of /i, and [i] of the ions i 
involved in the system 
a function of the Rj values for the ions 
i involved in the system 
electromotive force (emf) of the cell 

(mv) 
limiting value of (Ey’) when log j’, = 0 
(mv) 
liquid junction potential (mV) 
molar hydrogen-ion concentration 
a neutral substance or ion 
ionic strength (M) 
ion-selective electrode 
for monovalent cations p = 1 and for 
bivalent cations p = 2 
actual equivalent conductance of i 
(ohm-’ cm2 equiv’) 
limiting equivalent conductance of i 
(ohm ’ cm* equiv ~ ‘) 
molar or mol dm-’ 
metal ion 

(-log aH+) 

correlation coefficient of a linear 
regression 
standard error of estimate 
temperature (“C) 
molar concentration 

3. Experimental 

3.1. Muterials and solutions 

All reagents were of analytical grade. Cop- 
per(ll), cadmium(l1) and lead(l1) perchlorate were 
prepared from perchloric acid and the corre- 
sponding basic metallic carbonate. The products 
were recrystallized from ethanol and conveniently 
dried. Stock solutions were standardized complex- 
ometrically with EDTA. Stock solutions of 
sodium perchlorate were analysed by evaporating 
and drying to constant weight at 120 “C. Carbon- 
ate-free sodium hydroxide solutions were stan- 
dardized potentiometrically with acid potassium 
phthalate and then stored in polyethylene bottles 
protected with soda-lime tubes. The perchloric 
acid solutions were standardized potentiometri- 
tally with standard sodium hydroxide solutions. 
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Chloride ions were not detected in these solutions. 
For the preparation of the solutions, distilled, 
deionized water and grade A glassware were used 
throughout. 

3.2. Instruments 

The emf values were read to the nearest 0.1 mV 
with a Metrohm 670 Titroprocessor. Metrohm 
ion-selective electrodes for hydrogen (EA 158), 
copper (6.0502.140), cadmium (6.0502.010) and 
lead (6.0502.170) ions and an Ag(AgC1 double- 
junction reference electrode (6.0726.100) were 
used. A mercury(I) acetate electrode was prepared 
essentially as recomended by Larson and Mac- 
Dougall [6]. A thermostated titration cell (25.0 f 
0.1 “C) was employed. Volume measurements 
( f 0.001 ml) were made with Metrohm 665 auto- 
matic burettes. All experiments were performed in 
a thermostated room (25 F 1 “C). 

3.3. Potentiometric cells 

The potentiometric cells used for the emf mea- 
surements in the study of the i(ClOJ,~NaClO, 
systems (where i = H +. Cu*+, Cd*+, Pb’-) were 
of the type 

The x values were in the following ranges: 
HCIO,, (1.00-6.00) x 10 ’ M; Cu(ClO,),, (0.200 
-6.00) x 10 ’ M, pH = 3.00553.204; Cd(ClO,),, 
(0.200-6.00) x 10 - 3 M, pH = 3.50553.693; Pb(C- 
lo&, (0.200-6.00) x 10 ~ 3 M, pH = 2.608-2.966; 
and NaOAc and HOAc, (6.33-l 1.5) x 10W2 M. 

No flow of chloride ions from the reference 
electrode into the test solutions could be detected 
during the measurements. The glass electrode was 
stored in 0.1 M hydrochoric acid and washed 
thoroughly with water before use. The copper, 
cadmium and lead ISEs were polished with an 
abrasive strip for 1 min and then washed with 
water before use. 

3.4. Convention 

This work is based on several principles previ- 
ously established by several workers [7710]. The 
conventions adopted are as follows. 

1. The emf of cells (a) and (b) may be defined by 
[&IO] 

E = (El”), + S log a, + X,[i] 

where 

(1) 

(a) - AglAgCl 

1 NCU,,,, = 
[i(C1W,J~,,, 
= xM 

= O.OlOOM 

WaCIWa,, = 
= (I- O.OlO)M 

[NaClO&,,, 
=IM 

WaC1041ca,, = 

M 

The indicator electrode is the positive pole only in the case of glass and copper ISE. In the case of the 
NaOAC-HOAccNaClO, system, the cell was of the type 

(b) - k#gCl 

WaCU,,,, = 
= 0.010M 
[NaClO,](,,, = 

= (I- O.OlO)M 

WaC1041ca,, 
=IM 

[NaOAc],,,, = xM 
= [HOAc](,,, = xM 

[NaCQI~,,, = 
= (I - x)M 

HgzOAc,lHglPt + 
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Ey = sum of all constant terms that con- 
tribute to the total measured emf (mV) 
U, = yi [i] = individual activity of an ion or a 
neutral substance i (mol dm ~ ‘) 
[i] = molar concentration of an ion or a neu- 
tral substance i (mol dm ~ ‘) 
y, = molar activity coefficient of i 
(Ey’), = limiting value of EY’ when logy, = 0 

(mv) 
S= experimental value obtained for the co- 
efficient of the logarithmic term of the elec- 
trode potential (mV) 
X, = proportionality term between liquid 
junction potential (E,) and [i] (mV mol ’ 
dm3) 

2. Within the considered concentration ranges, 
HClO,, NaClO,, Cu(ClO,),, Cd(ClO&, 
Pb(ClO,), and NaOAc are strong electrolytes. 

3. At constant T. maintaining constant and high 
enough I values, p, will be constant [8]. 

4. The straight line obtained by plotting E - S 
log [i] vs. [i] within a certain [i] range can be 
ex-trapolated for smaller [i] values (that is, E)’ 
and X, are valid, at least, for the entire O-[i] 
range [S-lo]). 

5. For electrolyte (and non-electrolyte) mixtures. 
it is preferable to use empirical equations (with 
extra-thermodynamic but experimental and 
practical meaning) instead of theoretical equa- 
tions [7]. 

3.5. Procedures 

A 0.100 M HClO,, Me(ClO,), or isomolar 
NaOAc-HOAc buffer solution, made up to the 
desired ionic strength value with NaClO,, was 
added successively (in 0.3 ml increments) to a 
known volume of NaClO, solution of identical 
ionic strength in the potentiometric cell. After each 
addition, the emf of the cell was measured. In all 
cases equilibrium was easily reached (the criterion 
was to achieve constant emf values within + 0.2 
mV during 3 min, for I< 1 .O M and + 0.1 mV 
during 1.5-2 min, when I> 1.0 M). 

3.6. Calculution method 

The emf of the cells (a) may be expressed by 

Eq. (1). From this equation. we have 

E = (Ej’), + S log ~1, + S log [i] + X,[i] (2) 

If we consider (for each constant Z value) that 

El” = (Ey’), + S log y, = constant 

we obtain 

(3) 

E = Ey + S log [i] + X,[i] (4) 

From sufficient experimental (E, [i]) pairs of 
values, we can determine the Ey, S and X, 
parameters (corresponding to the fixed I value) 
using the multiple linear regression method. From 
the X, value obtained we can find the Ey’ values 
corresponding to each experimental [i] value, cal- 
culated with Eq. (4), which will be used later. 

The dependence of log yI on ionic strength may 
be calculated by starting from the expression [7] 

4, = log y, = aZ’ ” + bZ + cZ3:* + . ‘. 

where a, b, c, . . are empirical parameters. 

(5) 

From Eqs. (3) and (5), we obtain 

Ey’ = (Ey’), + S(aZ’/2 + bZ+ cZ3’* + ...) (6) 

By employing a suitable statistical program 
[l 11, and from sufficient (ET’, I) pairs, one can 
determine all parameters of Eq. (6) and, therefore, 
the mathematical relationship between y, and I. 

Similarly, for a cell of type (b), we have 

E = (Eg,,), - S log aOAc + XoAu [OAc] (7) 

E = (E&JO - .S log yoAc - S log [OAc] 

+ &a PAcl (8) 

E&c = (-%,,)o - s log YOAc (9) 

E = Ef;Ac - S log [OAc] + E, (10) 

EKA, = (E:;Ac),, - S(aZ’12 + bZ + cZ3:* + . .) (11) 

The dependence between yoAc and Z may be ob- 
tained from Eq. (11). 
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h.dtY) 

Fig. I. Y vs. /I plot for the HCIO,-NaClO, system (I = 0.100 
M). Only about one tenth of the experimental points, chosen 
at random. have been plotted. 

4. Results and discussion 

In the case of the hydrogen ion. Eq. (4) yields 

Y=E-Slogh=E;+.X,,h (12) 

Y values can be obtained from the experimental E 
and S values. By plotting Y vs h, one obtains a set 
of points to which a straight line can be fitted 
(within a given h range). the intercept and slope of 
which are EE and X,, respectively. This linearity 
confirms that J+, remains constant at constant I. 

At low h values, where h # [HCIO,], the points 
move away from the straight line; at high h values 

it is necessary to take care with the Ir/[Na+] ratio. 
According to Hartley et al. [12] substitution of ca. 
5% of the inert electrolyte ions by other ions is 
possible without appreciable change in the activity 
coefficients of the latter. Beck and Nagypal [13] 
estimated this limit to be 20% if the total elec- 
trolyte concentration is kept at 3 M. On the other 
hand, we found a limit of 29%; this means that h 
cannot exceed 22.5% of the ionic strength of the 
medium. This fact can be easily observed at I= 
0.1 M (Fig. 1). At higher / values, no deviation of 
the linear relationship is noted within the encom- 
passed I? range. 

The data obtained for the X, and S parameters 
are given in Table 1. The Henderson equation 
[I 7.181 for the i(ClO,),~NaClO, systems may be 
simplified to 

E=A log 1 1 

where A, and pi are functions of [i] and/or rZ, 
involved in the system. For the ions studied in this 
work, and using 2: and data [18,19], we have the 
following (A,; d) values: H + ( - 59.2; 2.55), Cu*+ 
( - 14.9; - 0.889) Cd’ T (15.7; - 0.933) Pb*’ 
(9.92; - 0.661) and AC- (59.2; ~ 0.225). On the 
other hand, from Eq. (13) and taking into account 
the .I’, values determined for the HClO,-NaClO, 
system from Eq. (4) we obtained 

Table I 
~3~. pa,, A’,, and S data obtained for the HCIO, NaCIO, system (/I = 0.0100 M. T= 25.0 + 0.1 “C) 

I (Ml 1‘H X,, (mV mol-’ I) 

This Literature 
work 

5’ (mV per decade) CT 

0.100 0.748 2.13 
0.300 0.689 2.16 
0.500 0.695 2.16 
1.00 0.81 I 2.09 
1.20 0.886 2.05 
1.50 1.03 1.99 
1.60 1.09 1.96 
1.80 I .22 1.92 
2.00 I .31 I .86 
2.40 I .75 1.76 
2.50 1.86 I .73 
3.00 2.60 1.59 

-441 
- 191 
- 102 

-61 

-43 

32 
- 

-23 
-I? 

-441 [14]; -430 [IO] 58.1 0.052 
- 59. I 0.099 
- 110 [IO] 58.7 0.034 

-63 [15]: -75 [IO] 59.0 0.027 

59.3 

-28 [16] 59.3 

59.3 
16.5 [I51 59.1 

0.055 

0.028 

11.042 
0.087 
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Table 2 
X,, y, and S data obtained for the Me(ClO&NaCIO, (Me’+ =Cu’+. Cd”. Pb’+) and NaOAccHOAcNaClO, systems 
(T= 25.0 + O.l”C) 

X, (mV mol-’ 1)” J’, S (mV per decade)h 

CL?+ Cd’+ Pb’+ OAc Cl?+ Cd’+ Pb*+ OAK Cl?+ Cd’+ Pb’+ OAc 

0.100 58 -64 -29 0.497 0.665 0.747 31.7 29.6 26.9 - 
0.300 19 -21 -10 -20 0.388 0.416 0.616 1.02 30.6 31.5 28.1 58.7 
0.500 12 -13 -6 -12 0.374 0.373 0.554 1.04 29.4 28.5 27.6 63.3 
1.00 6 -6 -3 -6 0.460 0.416 0.516 1.09 30.3 31.2 63.0 
1.20 5 -5 -2 -5 0.532 0.479 0.532 1.11 28.1 ~ 
1.50 4 -4 -2 -4 0.689 0.642 0.587 1.14 30.2 28.7 - 
1.60 4 -4 -2 -4 0.757 0.721 0.614 1.15 29.2 61.7 
1.80 3 -4 -2 -3 0.924 0.933 0.687 1.16 62.3 
2.00 3 -3 -1 -3 1.14 1.24 0.788 1.18 27.6 30.0 26.9 61.8 
2.40 2 -3 -1 1.79 2.41 1.12 29.7 .- - 

2.50 2 -3 -1 2.02 2.88 1.24 - 28.9 27.0 
3.00 2 -2 -I 3.74 7.80 2.26 - 29.8 30.1 28.5 ~ 

d Calculated for the mean [i] value within the range employed (Eq. (13). 
b Calculated by linear regression from (E, Iog[i]) pairs. In all cases, I values higher than 0.999 were obtained. 

d = 2.28 as a mean value. The difference between 
this value and that mentioned above (2.55) could 
be ascribed to the fact that for the application of 
the Henderson equation ;1, values should be used 
instead of 2: values. As far as the Me(ClO,),-Na- 
ClO, and NaOAc-HOAc-NaClO, systems are 
concerned, the determination of liquid junction 
potentials from experimental data by using Eq. 
(4) was not possible because these values are of 
the order of magnitude of the experimental errors, 
as may be deduced from Table 2. Hence they were 
calculated through Eq. (13). These calculated val- 
ues were used for Ey determination with Eq. (4), 
which provides also the X, values (X, = Ejl[i]). 

In the computation of eq. (6) parameters, the 
following number of data were used: 112 (EL, I), 
70 (E&, I), 88 (EF:,, I), 88 (E$,, Z) and 36 
(E” OAo I). As a result, the following equations 
were obtained: 

q&, = - 0.542Z’12 + 0.4511 (a = 1.01) (14) 

q& = - 1.249Z”* + 0.9121 (CT = 0.63) (15) 

q& = - 0.8291”* + 0.448Z3’* (a = 1.32) (16) 

&, = - 0.404Z’:* + 0.1171’ (a = 2.03) (17) 

4 OAc = - 0.03701 (a = 0.50) (18) 

The yI values in Tables 1 and 2 were calculated 
with these equations. Among the various types of 
equations tested, none fit the experimental data as 
perfectly as these do. The coefficient of the first 
term of Eq. (14) is close to the theoretical A term 
of the Debye-Htickel equation, which is not the 
case for the Eqs. (15))( 18). The fitness of these 
equations to the (EY’, I) points can be verified 
from plots shown in Fig. 2 and from statistical 
data given in connection with Eqs. (14))( 18). 

Fig. 2. Ej’ vs. I for the ions studied. The values on the ordinate 
correspond to (Ey),. The symbol’s height on the curves repre- 
sents maximum and minimum experimentally determined Ey 
values. 
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The proton activity coefficients estimated in this 
work differ from those reported by Capone et al. 
[4] at 25 “C, up to I= 1.00 M, which is the highest 
ionic strength stated in their work. However, it is 
worth noting that they used in the calculations an 
extended Debye-Hiickel expression whose first 
term comprises the ion size parameter (8). It is 
known that this parameter changes with the com- 
position of the medium and, therefore, it does not 
convey a sufficiently accurate representation of 
ion size effect, mainly in electrolyte mixtures 
[7,14]. The large discrepancy found between the 
theoretical and experimentally determined A and 
B parameters for an extended Debye-Hiickel 
equation, i.e. 

log y, = 
- AZ0.5 

1 + BZo.5 + ” (19) 

by Uemasu and Umezawa [l], in so far as Cu(II) 
and Ca(I1) ions are involved, makes the above 
statement clearly apparent. Curves with character- 
istic minima for the H + , Cu’ + , Cd2 + and Pb2 + 
ions were obtained. A straight line, however, fits 
the (EgAc, I) points, at least for the I range con- 
sidered for the NaOAc-HOAc-NaClO, system. 
In the third column of Table 1 we have pu, values 
for a 0.0100 M HClO, solution calculated within 
the studied Z range. Of course, these results could 
not be obtained with electrodes simply calibrated 
with buffer solutions [IO]. As can be seen, the salt 
effect is in general significant, suggesting that 
structural changes of the solvent together with 
ionic and ion-solvent (hydration) interactions 
should be taken into account for a realistic de- 
scription of the systems considered. It is known 
[20,21] that the Na+ ion has a weak ordering 
effect on the water structure, whereas the ClO; 
ion acts as a powerful structure breaker. This 
suggests that the ClO, ion should have a domi- 
nant role among the structural effects acting on 
water. The significant changes of the activity co- 
efficients of the H -. Cu2 + , Cd2 + and Pb2 + ions 
as the ionic strength increases could be ascribed, 
at least in part, to the structure-breaking effect 
fostered by the ClO, anion. This is not the case, 

however, for the activity coefficient behaviour of 
the OAc ion; in fact, this ion, a strong structure 
builder, seems to compensate for the effect of the 
ClO, ion. 
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Abstract 

Simple equations were derived relating stoichiometric protonation constants of several monocarboxylates and 
formation constants associated with 1: 1 complexes involving some bivalent cations and selected monocarboxylates, in 
aqueous sodium perchlorate media. at 25”C, as a function of ionic strength (I), allowing the interconversion of 
parameters from one ionic strength to another. up to I= 3.00 M. In addition, thermodynamic formation constants 
as well as activity coefficients of the species involved in the equilibria were estimated. The results show that the 
proposed calculation procedure is very consistent with critically selected experimental data. 

Keyword,s: Activity coefficients: Formation constants; Medium effects 

I. Introduction 

The scarcity of quantitative studies dealing with 
weak interactions among ions in aqueous solution 
and the difficulty in distinguishing these interac- 
tions from those arising through ionic medium 
effects may be the reason for the lack of an 
adequate treatment concerning the ionic strength 
dependence of activity coefficients and hence equi- 
librium constants. including protonation of lig- 
ands and the thermodynamic stability of metal 

* Corresponding author. Fax: ( + 55) 16-22-7932 or 5987 
’ For Part I, see Ref. [I?]. 

ion complexes. The associated equilibria are of 
fundamental importance in any area where a 
knowledge of the chemical form of an element is 
a prime requirement, such as in “real life” systems 
(for example, ground-, sea- and wastewaters, 
blood plasma, urine, gastro-intestinal juices, food 
extracts) and in research including radioactive 
waste disposal. assessment of metal-dependent 
side effects of pharmaceuticals, the bioavailability 
of metal ions from foods and the use of metal 
complexes to suppress the activity of microorgan- 
isms [L 31. 

In view mostly of the aforementioned require- 
ments some progress has been attained regarding 

0039.9140/96/$15.00 (C 1996 Elsevier Science B.V. All rights reserved 

PII SOO39-9140(96)01943-l 
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the search for procedures allowing the intercon- 
version of equilibrium parameters from one ionic 
strength to another as well as the estimation of 
thermodynamic equilibrium constants (i.e. at zero 
ionic strength). The main approaches employed to 
reach this purpose have been; (a) use of extended 
DebyeeHtickel equations [4-61; (b) use of of the 
specific interaction theory of Bronsted [7]; (c) 
estimation by chemical trends and free energy 
relationships, using the library of equilibrium data 
which already exists in compilations [8]; (d) as- 
sessing the robustness of data and models through 
sensitivity analyses of the type used in modelling 
radioactive waste disposal sites [3]. 

It is worth noting that thermodynamic con- 
stants are important for setting up correlations 
aiming at a better understanding of fundamental 
factors influencing the coordination chemistry of 
metals and ligands in aqueous solution [.5,9- 111. 

In the current absence of a comprehensive the- 
ory that can answer the fundamental questions 
concerning the dependence of equilibrium con- 
stants on ionic strength, it is of considerable 
interest to find equations (even empirical ones) 
that would allow equilibrium constants, measured 
at a given ionic strength, to be recalculated for 
any other ionic strength. 

In a previous work from this laboratory [12] 
empirical equations relating the molar activity 

with the corresponding ones critically selected 
from the literature [13]. The approach is presently 
restricted to binary systems comprising some 
bivalent cations and monocarboxylates (aliphatic 
and aromatic), in aqueous medium. 

2. Experimental 

Unless stated otherwise, experimental condi- 
tions, apparatus and conventions were the same 
as previously described [ 121. 

3. Calculation methods 

3.1. Protonation constants 

Protonation constants (Ku) of acetic acid at 
different ionic strengths (0.300&3.00 M range) 
were determined by applying a potentiometric 
method [14,15]. Acetic acid solutions (0.01052- 
0.01071 M) made up to the desired ionic strength 
by adding sodium perchlorate (initial volume 
35.00 ml) were titrated with sodium hydroxide 
solutions (0.0950~0.1000 M) the ionic strength of 
which were adjusted to a fixed value with sodium 
perchlorate. The titration vessel was the compart- 
ment shown in the right-hand side of the cell: 

[NaCl](,,, = ! NaClO,,,,, I Test solution 

- AglAgCl 
0.0100 M 

[NaC10&,,, = ! 
=IM , PJaCIWa,, = GE + 

I IM 
(I- O.lOO)M 1 I 

coefficients of H + , Cu2 +, Cd’+, Pb2 * and 
CH,COO- (in aqueous solutions, at 25°C) to 
ionic strength were established. In the present 
work very simple equations have been derived, 
making feasible the interconversion of protona- 
tion and stability constants, in so far as changes 
in ionic strength are concerned; also, thermody- 
namic constants and activity coefficients associ- 
ated with 1:1 complex species are estimated, via 
extrapolation of linear relationships. The predic- 
tive power of the developed procedure has been 
evaluated by comparing the calculated constants 

3.2. Other equilibrium parameters 

For the equilibrium H + + A - Z$ HA corre- 
sponding to a given monocarboxylic acid, in 
aqueous solution, the thermodynamic protonation 
constant is defined as 

TKH _ WA1 YHA 
(1) 

F-WV L’H ’ YA 

where charges are omitted for simplicity. 
From Eq. (1) 

IOg ‘KH = IOg KH + IOg YHA - IOg J’H - IOg y, (2) 
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Table l 
Protonation constants of acetic acid in aqueous solution as a 
function of ionic strength, adjusted with NaClO,; 
T=25.0~0.1”C 

I(M) 

0.100 
0.300 
0.500 
1.00 
2.00 
2.50 
3.00 

1% K,, 

This work 

4.54 * 0.04 
4.55 & 0.01 
4.60 k 0.02 
4.79 + 0.04 
4.94 * 0.01 
5.06 k 0.03 

Literature [ 131 

4.56 * 0.03 

4.50 r 0.02 
4.58 * 0.03 
4.80 & 0.01 

5.015 & 0.005 

and 

Y=logKH-~,-~,=logTK,-&4 (3) 

Given sufficient KH, &, #A and I values, log TK, 
and $uIZ can be estimated via linear relationships. 
Similarly, for the equilibrium Me’+ + A- 
*MeA+ of a divalent metallic cation with a 
monocarboxylate, the thermodynamic formation 
constant may be defined as 

-rp = [MeAl 4(,,,,A ~~ 

’ [W[4 3”Mcx 
and 

line can be nicely fitted to the (Y, P5) points, 
giving log TKH and +nAc as intercept and slope 
respectively. The values found are displayed in 
Table 2. Eq. (3) was also tested for 11 other 
monocarboxylic acids (aliphatic and aromatic, 
with and without additional functional groups) by 
assuming 4aC = 4,. The results are shown in 
Table 2. Our study has been restricted to only 12 
monocarboxylates due to the paucity of critically 

Table 2 
Estimates of log TK, and &,+, for some monocarboxylic acids; aqueous solution, T= 25°C 

- 

(4) 

y= log B, - 4Me - @A = b3 ‘PI - #h.le.~ (5) 
where pr is a stoichiometric formation constant of 
MeA species. Starting from sufficient (Y, I) pairs, 
we can calculate log ‘p, and &,eA values, also via 
linear relationships, as will be shown later in this 
work. 

4. Results and discussion 

The determined protonation constants for 
acetic acid, along with critically selected corre- 
sponding data from the literature [ 131 are given in 
Table 1. These data, coupled with previously esti- 
mated parameters [ 121, &, and tiAC, allowed the 
calculation of the associated log ‘KH and $nAc 
values, via Eq. (3); for this particular case 4A = 
4Ac and h = hAc. It was found that a straight 

Acid I Range“ (M) nh log TK,, c$,,~:I”~ R’ 

Formic 0.1-3 5 
Acetic 0.1-3 I’ 
Propionic 0.1-3 5 
Butyric 0.1-3 3 
lsobutyric 0.1.-3 4 
Lactic 0.1-2 4 
Glycolic 0.1-2 4 
Benzoic 0.1-l 3 
Furoic 0.1-2 3 
Pyruvic 0.1-z 4 
Phenylacetic 0.1-3 3 
Mandelic 0.1-3 3 

This work Literature [I31 

3.78 + 0.02 3.745 0.007 + 
4.77 f 0.01 4.757 0.002 f 
4.89 + 0.01 4.874 * 0.001 
4.80 f 0.01 4.819 + 0.001 
4.82 f 0.02 4.849 
3.89 + 0.01 3.860 0.002 f 
3.87 f 0.01 3.832 + 0.001 
4.20 + 0.01 4.202 0.003 _+ 
3.18 f 0.01 3. I67 0.007 f 
2.49 * 0.01 2.49 i 0.1 
4.30 * 0.01 4.310 * 0.003 
3.45 * 0.02 3.40 0.01 * 

0.232 0.9860 
0.130 0.9930 
0.153 0.9871 
0.112 0.9993 
0.120 0.9861 
0.190 0.9859 
0.220 0.9945 
0.147 0.9989 
0.144 0.9953 
0.291 0.9935 
0.155 0.9996 
0.272 0.995 

a I adjusted with NaCIO,. 
’ Number of (log K,, I) pairs used: taken from Ref. [l3]. 
‘Six values determined in this work (Table I); the value at I = 0.1 was taken from Ref. [13]. 

I8 
1 
11 
3 
II 
I2 
9 
2 
8 
I4 
3 
I8 
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selected values from the literature [13]. Very good 
agreement is observed between literature and cal- 
culated log TKH values; this seems to be more than 
fortuitous, particularly when the chemical differ- 
ences among the considered acids are taken into 
account. The results are somewhat surprising and 
very gratifying. 

Regarding the (tiHA1 II’-‘) data collected in Table 
2, values within the range 0.112-0.155 were ob- 
tained for simple carboxylic acids, such as acetic, 
propionic, butyric, isobutyric, benzoic, furoic and 
phenylacetic. A higher set of data (i.e. between 
0.190 and 0.291) is found for lactic, glycolic. 
pyruvic and mandelic acids; all these bear addi- 
tional functional groups adjacent to the carboxyl. 
A high value (0.232) is provided by formic acid, 
which is apparently a simple monocarboxylate. 
However, its anomalous behaviour in aqueous 
solution is well known [16]. The behaviour of 
pyruvic acid will be discussed further in connec- 
tion with its metal ion complexes. 

In a similar fashion, Eq. (6) was used for the 
calculation of log ‘p, and &,eA associated with 
several Me(II)-monocarboxylate systems: 

y= log PI - hfc - 4Ac = log ‘PI - A4e.A (6) 

By plotting Y vs. 1, very good linear relationships 
are obtained for all systems considered in this 
work; some examples are given in Figs. l-3. The 
calculated values for log ‘/?, and (&eAjl) are dis- 
played in Table 3. Again, the set of formation 
constants used is limited by the paucity of reliable 
data for all bivalent cations other than Cu2 + , for 
which the gap is less pronounced. Within the 
restricted database available a very good agree- 
ment is generally found between the literature 
data and the corresponding values calculated via 
application of Eq. (6), in so far as log ‘/?, values 
are concerned. As can be seen in Table 3 and 
Figs. 1-3, Eq. (6) was tested, for most of the 
considered systems, by putting the &,,,e = ticU, 4od 
or &,,. The overall conclusion is that the effec- 
tiveness of the ion-selective electrodes in giving 
good estimates of yMe follows the order Cu > 
Cd > Pb; it is noteworthy that this same order 
prevails with regard to the reliability of the afore- 
mentioned electrodes for analytical purposes [ 171. 

0 1 2 I(M) 3' 

Fig. 1. Me’+ -acetate systems (a) Cu’+; (b) Cd* +. (0) 
Y= log /!,; (0, A) Y = log/r, - qSMe - c$,,~. The dMr used for 
each correlation is indicated inside the Figure. The open circles 
are joined by a broken line just as a guide for the eye. 

Most of the (&JZ) values found are within 
the range 0.3-0.4, the mean value being 0.38, 
except for the Hg2+ -monocarboxylate and Cu2 + 
-pyruvate complexes. The deviations for the 
Hg2 + complexes can be ascribed to an intrinsic 
behaviour of this cation as compared with the 
other ones considered in this work and/or to the 
greater uncertainty in the critically selected stoi- 
chiometric and thermodynamic stability constants 
for mercuric complexes, as shown in Table 3. It is 
known that the complexation of metal ions by 
pyruvate involves x-keto, diol (hydrated enol) and 
dimer species of this ligand [l&20]. The forma- 
tion constants reported in the literature describe 
the net complexation; only a few papers give 
estimates for the individual complexation reac- 
tions, associated with each form of pyruvate in 
aqueous solution [19,20]. Furthermore, this fea- 
ture seems to be characteristic for many cc-keto- 
carboxylates [21-231. Therefore, the uncertainty 
in the quoted formation constants for pyruvate 
complexes [13] is understandable and could ex- 
plain, at least in part, why the &+A for Cu2 + - 
pyruvate lie outside the observed range for most 
of the other systems encompassed in this work. 
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Assuming &,,,=+, = 0.4 I and taking into account 
that @,,=0.037 I (see Ref. [12]), Eq. (6) can be 
rearranged as 

1% PI z log ‘p, + &,c - 0.36 Z (7) 

Eq. (7) was tested in connection with systems for 
which B, is available at only one ionic strength in 
addition to an estimate for ‘p,. The results are 
shown in Table 4. In spite of the very few consid- 
ered systems, it seems that Eq. (7) is able to 
predict stoichiometric constants from the corre- 
sponding thermodynamic ones and vice versa, at 
least for 1:l Cu2 + -monocarboxylate complexes 
within about a tenth of a log unit. Such estimated 
values should have sufficient accuracy for most 
studies dealing with the modelling of environmen- 
tal or physiological systems [8]. 

This work was based on the relatively small 
number of available critical protonation and sta- 
bility constants for carboxylates and their Me’- 
complexes [13]. The full test for the presently 
proposed calculation procedure requires the de- 
velopment of the largest possible database of reli- 
able stability constants and associated protona- 
tion constants. 

"0 1 2 I(M) 3 

Fig. 2. Me” -acetate systems: (a) Pb’+ ; (b) Zn’+. (0) 
y=logb,; (+. 0, A) Y=logP,-&e-4,,. The &,e 
used for each correlation is indicated inside the Figure. The 
open circles are joined by a broken line just as a guide for the 
eye. 

1.0 

Y 
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i.\........ 
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i \ 
‘b, ‘--IL---- @CU 

1 2 I(M) 

Fig. 3. Me’+ --monocarboxylate systems: (a) Ni’+ -acetate; 
(b) Zn2+ pglycolate. (0) Y = log /I,; (A) Y = log 8, - &, ~ 
dAL, The open circles are joined by a broken line just as a 
guide for the eye. 

An inherent advantage of the proposed 
methodology is that through linear relationships, 
reliable estimates of thermodynamic constants can 
be obtained, via extrapolation. There are a num- 
ber of techniques for estimating thermodynamic 
stability constants [24426]; these are more com- 
monly obtained by extrapolating stoichiometric 
constants, determined at several ionic strengths, 
to infinite dilution. Plots of log B, (or log KH) 
against Z, I?, Z’/2, Z’:3, Z213, etc. are sometimes 
extrapolated by eye or by using complex functions 
such as the right-hand side of Eq. (8): 

log ‘PI = log PI - 
AZ .zpzo.5 

1; &#pS - CI (8) 

against Z or I” 5, where u, A, B and C are con- 
stants, some or all of which may be treated as 
adjustable parameters [24,25]. None of these ex- 
trapolations are very reliable, except in a few 
favourable cases (see, e.g., Ref. [24]). The func- 
tions involving log p1 (or log KH) and ionic 
strength are markedly curved for most systems 
(i.e., of the type shown in Figs. l-3, particularly 
Fig. 3a), making extrapolations to I= 0 rather 
uncertain. In fact is has been shown that the 
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Estimates of log ‘/?r and &,eA for several Me”+ -Monocarboxylate complexes: aqueous solution. T = 25°C 

Me’+ Ligand 4 
V? 

used in Eq. Id Range (M) nb 1% TB, 4 MeA:I R’ lo? x0 

This work Literature [ 131 

cu Formate 
CU Formate 
CU Acetate 
cu Acetate 
cu Propionate 
cu Glycolate 
cu Methoxyacetate 
cu Pyruvate 
cu Pyruvate 
co Acetate 
co Acetate 
Ni Acetate 
Ni Acetate 
Zn Acetate 
Zn Acetate 
Zn Acetate 
Zn Glycolate 
Cd Acetate 
Cd Acetate 
Pb Acetate 
Pb Acetate 
Pb Lactate 
Pb Glycolate 

Hg Formate 

Hg Formate 

Hg Acetate 

Hg Acetate 

Hg Propionate 

Hg Butyrate 

His Butyrate 

0.1-3 
0.1-3 
0.1-3 
I-3 
0.1-3 
I-3 
l-3 
0. I-2 
0.1-2 
0.5-2 
0.1-2 
0.1-2 
0.1-2 
0.1-3 
0.1-2 
l-3 
0.1-3 
0.1-3 
0.1-3 
1 3 
l-3 
0.1-3 
l-3 
I-3 
0.553 
0. I-2 
0.1-3 
0.553 
0.1-I 
0.1-l 

A I adjusted with NaCIO,. 
b Number of (log /I,, I) pairs used; taken from Ref. [13]. 
’ Doubtful value, according to Ref. [13]. 

deviation for values of ‘p, obtained by using 
different extrapolation procedures may amount to 
several hundred percent [25,26]. Thermodynamic 
stability constants for two systems, namely Cu*+ 
-methoxyacetate and Pb2 + -glycolate, for which 
the corresponding values have not yet been as- 
signed [13], were calculated in this work and are 
given in Table 3. 

Another gratifying feature of our procedure is 
the fact that its good predictive power is not 
limited only to systems for which dMe parameters 
are available; thus, good estimates of thermody- 

3 1.99 & 0.02 
3 1.93 * 0.02 
4 2.24 i 0.03 
3 2.25 * 0.01 
3 2.25 * 0.01 
3 2.96 k 0.01 
3 2.49 + 0.01 
3 2.45 k 0.03 
3 2.32 + 0.01 
3 1.30 * 0.02 
3 1.35 & 0.02 
3 1.34 * 0.01 
3 1.29 I 0.01 
4 1.60 & 0.01 
3 1.58 i 0.01 
3 1.60 k 0.01 
3 2.37 + 0.03 
5 1.94 * 0.01 
4 1.91 * 0.01 
3 2.70 f 0.01 
3 2.71 + 0.01 
3 2.70 k 0.04 
3 2.58 & 0.02 
3 3.48 & 0.01 
3 3.30 * 0.01 
3 4.07 * 0.01 
4 4.07 * 0.01 
3 4.47 & 0.01 
3 4.1 I * 0.02 
3 4.16kO.01 

2.00 * 0.02 
2.00 & 0.02 
2.21 & 0.03 
2.21 f 0.03 
2.22 
2.90 * 0.02 

(2.2)’ 
(2.2)’ 
1.38 5 0.09 
1.38 f 0.09 
1.43 
I .43 
1.58 f 0.01 
I .58 10.01 
1.58 k 0.01 
2.38 
1.93 
1.93 
2.68 
2.68 
2.78 

(3.51 _+ 0.14) 
(3.51 * 0.14)’ 
(4.29kO.12) 
(4.29 _+ 0.12)’ 
(4.38 5 0.14)c 
(3.99 + 0.13)c 
(3.99 f 0.13)c 

0.377 0.9990 25 
0.467 0.9995 20 
0.349 0.9980 23 
0.280 0.9996 8 
0.355 0.9999 4 
0.380 1.0000 0 
0.385 0.9999 4 
0.653 0.9990 30 
0.468 0.9999 1 
0.384 0.9990 13 
0.406 0.9998 5 
0.368 0.9999 1 
0.313 0.9994 I5 
0.455 0.9998 4 
0.395 0.9999 4 
0.350 0.9997 8 
0.404 0.9980 35 
0.428 0.9998 4 
0.409 0.9997 8 
0.350 0.9997 8 
0.280 0.9996 8 
0.355 0.9970 29 
0.450 0.9993 16 
0.260 0.9995 8 
0.120 0.9980 8 
0.161 0.9960 10 
0.173 0.9970 15 
0.367 0.9991 1 
0.267 0.9990 5 
0.316 0.9997 3 

namic stability constants were also obtained for 
Co*+, Ni’+, Zn2+ and Hg2+ complexes. How- 
ever, 4A is available exclusively for acetate; in 
spite of this, protonation and formation constants 
in line with critically selected ones could be 
achieved for 13 monocarboxylates, other than 
acetate (Tables 2 and 3). This lends some support 
to the assumption made in the first part of this 
series [12], namely that similar ions should display 
closely related equilibrium parameters. 

In some of the Y vs. I correlations it has been 
noted that one point moves away from the linear 
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relationship built upon the remaining points, e.g. 
the Y value corresponding to the Zn2 + -glycolate 
system, at I= 1 .OO M (Fig. 3b). This suggests that 
the associated ji’, value might be in error and that 
the system probably deserves reinvestigation. 
Studies on systems comprising other metal ions 
and ligands are currently in progress in this labo- 
ratory. 
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5. List of symbols 

A- monocarboxylate 
AC- acetate ion 
HA monocarboxylic acid 
I ionic strength (M) 
M molar or mol drn-’ 
Me metal ion 

Yi molar activity coeficient of an ion or a 
neutral substance. i 

Table 4 
Estimates of log /r, for some Cu’+ -monocarboxylate com- 
plexes in aqueous solution. Application of Eq. (7). Parameters 
used: 4c,; T= 25°C. 

Monocarboxylate I(M)” Literature voalues log 8, (Eq. 7) 

[I31 

Chloroacetateb 3.00 1.03 1.61 1.1 
Phenylacetate 3.00 1.61 I .97 1.5 
Butyrate 2.00 I .7 f 0.2 2.14 1.5 
Isobutyrate 0.10 1.75 2.17 1.8 
Valerate 3.00 I .92 2.12 I.8 

d I adjusted with NaCIO,. 
‘The reported value [13] for I= 1.00 M at 20°C is log 8, = 
0.91, Assuming log ‘p, = I .61 (actually the value for 25°C) 
and by using 4cU for I = I .OO M (25°C) the calculated value 
from Eq. (7) is log p, = 0.9. 

5.1. Greek letter 

44 l%Y, 

5.2. Other symbols 

[I molar concentration 
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Abstract 

The equilibrium water vapor pressures for the thermal dehydration of Mg(HCO,),.ZH,O, Mn(HCO&. 2H,O and 
Co(HC0J2’2H,0 were measured by means of the transpiration method. These hydrates form isomorphous crystals 
with space group P21/c. In this structure. the water molecules lie in the planes parallel to the (100) planes. 
Thermodynamic data such as AG. AH and AS were derived from the values of the water vapor pressures. The 
relationship between these thermodynamic data and the crystal structures is discussed. 

Kqword.s: Dehydration: Equilibrium water vapor pressure: Metal formate dihydrates: Transpiration method 

1. Introduction 

Crystalline hydrates cannot be distinguished 
from other solid reactants on chemical or struc- 
tural criteria; however, the considerable interest 
which has been directed to the investigation of the 
dehydration of this group has made it convenient 
to discuss them as a single class. Generally, dehy- 

* Corresponding author. Tel.: 025-262-6367; fax: 025.262- 
7278; e-mail: masuda(&eb.ge.niigata-u.ac.jp. 

’ Presented at the 1995 International Chemical Congress of 
Pacific Basin Societies (PACIFICHEM ‘95) in the Symposium 
on Kinetic and Mechanistic Aspects of Analytical Chemistry. 
Honolulu. Hawaii. USA. December 17-22, 1995. 

drations are reversible reactions and the ease of 
water escape is influenced by the product phase. 
because such residual material tends to diminish 
the rate of diffusion of water from the reaction 
interface. 

It is also known that the rate of thermal dehy- 
dration of hydrates is affected by the atmospheric 
water vapor pressure. Smith and Topley [1,2] 
found the phenomenon of an unusual variation in 
the dehydration rate with the atmospheric water 
vapor pressure. They reported that the rate 
constants for the dehydration of manganese ox- 
alate dihydrate and copper sulfate pentahydrate 
vary unusually with the partial pressure of atmo- 
spheric water vapor. When the water vapor pres- 

0039-9140~96~515.00 0 1996 Elsevier Science B.V. All rights reserved 
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sure increases, the rate constant for the dehydra- 
tion decreases sharply at first, passes through a 
minimum, increases more slowly and then de- 
creases. This unusual phenomenon is known as 
the Smith-Topley effect. Garner and co-workers 
[3,4] carried out similar studies of copper sulfate 
pentahydrate and potassium ammonium chrome 
alum. A similar phenomenon has also been ob- 
served by Dollimore and co-workers [5,6] in the 
dehydration of calcium oxalate monohydrate and 
magnesium oxalate dihydrate. Recently, we have 
discovered similar phenomena in the dehydration 
of zinc, erbium and yttrium formate dihydrates 
[779]. 

Although the kinetics of the thermal dehydra- 
tion of hydrates have been extensively studied by 
means of thermal analyses such as ther- 
mogravimetry (TG) and differential scanning 
calorimetry (DSC), the equilibrium water vapor 
pressures of the hydrates have been scarcely re- 
ported. It is very important to accumulate such 
fundamental thermodynamic quantities as the 
equilibrium water vapor pressure. 

In this work, the equilibrium water vapor pres- 
sures for the dehydration of magnesium, man- 
ganese and cobalt formate dihydrates, which are 
known to form an isomorphous crystal structure 
with space group P21/c [lO,l 11, were measured by 
means of the transpiration method [12,13] using 
laboratory-made apparatus. The derived thermo- 
dynamic quantities such as the enthalpy changes, 
entropy changes and free energy changes for these 
thermal dehydrations were determined. It is of 
interest to discuss the relationship between the 
crystal structures and the thermodynamic quanti- 
ties derived from the equilibrium water vapor 
pressures for the thermal dehydration of these 
hydrates. 

2. Experimental 

2. I. Reugen ts 

Magnesium, manganese and cobalt formate di- 
hydrates were purchased from Wako Pure Chemi- 
cal Industries and recrystallized from a 10 ~ 4 M 
solution of formic acid. The crystals were air- 

dried at room temperature. These samples were 
identified by means of TG and IR spectra. Each 
sample was pulverized in a mortar and pestle. 

2.2. The trunspiration apparatus 

The equilibrium water vapor pressures for the 
dehydrations were measured using the laboratory- 
made apparatus shown in Fig. 1 [12,13]. Dry 
nitrogen at a known flow rate was passed through 
a loosely fitted plug of Pyrex glass wool into the 
saturation zone. This zone was about 80 mm in 
length in a 20 mm diameter Pyrex glass tube. The 
powdered sample (about 5 g) was piled in ridges 
to a depth of about 10 mm. A nitrogen stream 
saturated with the water vapor produced was 
discharged through another plug of Pyrex wool 
and a 20 mm length of 0.05 cm capillary. The exit 
gases were passed to absorbers made of magne- 
sium perchlorate for analysis. The temperature of 
sample was determined with a chromellalumel 
thermocouple fitted in the central thermocouple 
well shown in Fig. 1. The temperature of the 
furnace was controlled to +_ 0.5 K with an EC- 
205 controller (Ohkura). 

The equilibrium water vapor pressure, PH+, 
was obtained in accordance with the equation 

P Hz0 = 
nH20 

nH20 f nN2 

P(a.p.) 

where nH20 is the number of moles of water 
absorbed by the absorber in a given time interval, 
nN, is the number of moles of carrier nitrogen 

kIl A- 1 

-3 

2 

300mm -----+I 

Fig. 1. Transpiration apparatus. 1, Flow control bulb; 2, dry 
column; 3, electric furnace; 4, reaction vessel; 5. temperature 
controller; 6, absorption vessel; a, thermocouple; b, capillary 
zone: c. glass wool. 



flowing in a given time interval and P(a.p.) is 
atmospheric pressure (1 atm). 

2.3. Thermal analyses 

The TG and differential thermal analysis 
(DTA) curves were simultaneously recorded on a 
Rigaku TAS 200-TG-DTA system [14,15]. About 
10 mg of sample were weighed into a platinum 
crucible and measured using x-alumina as a refer- 
ence material. The enthalpy change for the dehy- 
dration was determined from the DSC curve 
recorded on a Rigaku TAS 200-DSC instrument 
[14]. The instrument was calibrated with the en- 
thalpy change of the phase transition of potas- 
sium nitrate (400.9 K, AH = 5.4 kJ mol- ‘) and 
the enthalpy changes of melting gallium, indium, 
tin, lead and zinc (Ga: 309.94 K, AH= 5.59 kJ 
mol- ‘; In, 430 K, AH = 3.3 kJ molt ‘; Sn, 505 K, 
AH = 7.07 kJ molt ‘; Pb, 600.6 K, AH = 4.77 kJ 
mall ‘; and Zn, 692.7 K, AH = 6.57 kJ mall ‘) 

[161. 

2.4. X-ra,v pow,der diffraction and Fourier 
transform (FT) IR spectrophotometrl: 

The X-ray powder diffraction patterns were 
obtained with Rigaku Geigerflex RAD-YA and 
RAD-R diffractometers equipped with a high- 
temperature sample holder [17]. Cu Ka radiation, 
a nickel filter and a graphite monochromator were 
used in all measurements. The diffraction data 
were taken in steps of width 0.02”. 

IR absorption spectra was measured from 400 
to 4500 cm ~ ’ in KBr discs with a Horiba FT-IR 
spectrophotometer. 

3. Results and discussion 

TG-DTA of the hydrates (Fig. 2) showed that 
the dehydration took place as a one-stage reac- 
tion: 

MWCO,), .2H,O(s) --t M(HCO,),(s) + 2H,O (g) 

Fig. 3 shows the relationship between the flow 
rate of nitrogen carrier gas and the values of the 
equilibrium water vapor pressure, PHZo, for the 

rulanta 4.3 (1996) 1705 I 709 

t 

2 

3: SC 

Temp. / K 

Fig. 2. TG (solid lines) and DTA (dotted lines) curves for the 
thermal dehydrations of magnesium, manganese and cobalt 
formate dihydrates. 

15 MgOICOd2 - 2H20 
I I I 

4’ b’ 2 ” ” ’ 40 60 80 

Flow rate / ml * min.’ 

Fig. 3. Relationship between the flow rate of carrier gas and 

pw. 

dehydration of magnesium formate dihydrate at 
various temperatures. When the flow rate in- 
creases, PHZO first decreases, passes through a 
constant value and then decreases. A similar ten- 
dency was observed for the other hydrates, and is 
explained as follows. At a slow flow rate, the 
water molecules produced appear to self-diffuse to 
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Table I 
P Hz0 for the dehydration of magnesium, manganese and 
cobalt formate dihydrates 

- 

Sample 

Mg(HCOZ)2. 2Hz0 

Temperature (K) P, ,?(> (Torr) 

408 24.7 + I .08 
413 33.6 + 0.768 
418 48.2 k 0.349 
428 86.8 f 3.00 
433 121 k 3.86 
368 62.1 & 2.99 
373 99.0 * 4.24 
383 164 i 5.45 
388 211 i- 6.45 
403 33.7 * I .90 
413 60.8 _+ 0.693 
418 82.3 + 4.25 
423 106 & 1.30 

- 

the absorption tube. so PHzo shows an apparently 
high value, and at a higher flow rate the carrier 
gas cannot be saturated with the dissociated water 
molecules. An average of approximately constant 
values obtained during the medium flow rate re- 
gion was adopted as the equilibrium water vapor 
pressure, PHzO, for the given temperature. 

The PHaO values were determined for various 
temperatures around the peak temperatures of the 

Table 2 
Thermodynamic data derived from P,,,, 

DTA curves of these dihydrates (Fig. 2), and the 
values are shown with the standard deviations in 
Table 1. The enthalpy changes, AH” were calcu- 
lated from the equation on the basis of the tem- 
perature dependence of PHzo: 

-AH” AS’ 
=RT+y 

The free energy changes could also be obtained 
from the equation 

AG= -2RTln 

and the values at 373 K, AG(373 K) are shown in 
Table 2 together with the temperatures, T,, at 
which weight loss of the dehydration is initiated, 
and the enthalpy change, AH(DSC), measured 
directly by means of DSC. 

The values of AH” are larger than those of 
AH(DSC). The enthalpy change for the dehydra- 
tion consists of a number of components, due to 
the energy for the dissociation of the coordinated 
water molecules, lattice energy, hydrogen-bond 
energy, etc. Although further analysis of the en- 
thalpy change cannot be given at present because 
the crystal structures of dehydrated salts have not 
yet been clarified, the difference between AH” and 
AH(DSC) may be discussed as follows. 

Sample AH” 
(kJ mol-‘) 

AH(DSC) 
(kJ molF’) 

AG(373 K) 
(kJ mol-‘) 

AS” T, 
(J mol-‘) (K) 

Mg(HCOl)2.2H20 I86 k 2.74 149 * 1.79 
Mn(HCO&.2Hz0 140 * 12.4 112+ I.58 
Co(HCO&. 2H,O 163 i 2.72 I I5 2 3.72 

.’ Initiation temperature of thermal dehydration. 

Table 3 
Crystal data for magnesium, manganese and cobalt formate dihydrates 

-3.90 509 392 
- 27.9 451 367 

-9.70 463 390 

Sample 4) h(A) Interatomic distance (A) 

Mg(HC0,)>.2Hz0 8.69 
Mn(HC0,)Z’2H20 8.86 
Co(HC0&.2Hz0 8.63 

a Ionic radius of metal ion. 

M-HZO(l) MpH,0(2) 

7.18 9.39 97.6 0.86 2.08 2.06 
7.29 9.60 97.7 0.97 2.24 2.16 
7.06 9.21 96.0 0.79 2.07 2.06 
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Fig. 4. Projection of crystal structure of M(HC0,)Z.2Hz0 on 
the (010) plane. 

Generally, the crystal structure of a hydrate 
must be broken by the dehydration and an amor- 
phous dehydrated product may be formed imme- 
diately after the dehydration at the equilibrium 
state. and AH” seems to correspond to the reac- 
tion 

M(HCO,),.2H,O(crystal) 

+ M(HCO,),(amorphous) + 2H,O (g) 

Crystalline anhydride products were obtained af- 
ter the DSC measurement, so the value of 
AH(DSC) may correspond to the reaction 

M(HCO,),. 2H,O (crystal) + M(HCO,), (crys- 
tal) + 2H,O (g) 

Therefore, the difference between AH” and 
AH(DSC) seems to be attributable to the enthalpy 
change for the exothermic crystallographic pro- 
cess: 

M(HCO,),(amorphous) + M(HCO,),(crystal) 

It is known that the title compounds have a 
isomorphous crystal structure. The lattice 
parameters of these hydrates are shown in Table 
3. The crystals are monoclinic, with space group 
P21/c. The unit cell contains two kinds of metallic 
ions, which are not equivalent. One of them is 
coordinated by six carboxyl oxygen atoms and the 
other is coordinated by two carboxyl oxygen 
atoms and four oxygen atoms of water molecules. 
Both are in an octahedral form, with the water 
molecules lying on the plane parallel to the (100) 

planes (Fig. 4). The kinetics of the dehydrations 
of these salts was described by a two-dimensional 
phase boundary reaction model [7,18]. 

The T,, AH” and AG(373 K) values are corre- 
lated to the thermal stability of these hydrates, 
and the stability may be related to the strength of 
the M-OH, coordination bond. If the strength of 
the M-OH, bond is assumed to depend on the 
electrostatic force between the metallic ion and 
the lone pair electrons of oxygen of the water 
molecule, the bond strength is dependent on the 
length of the M-OH, bond. It is noteworthy that 
a mutual correlation appears to be found among 
T,, AH” and AG(373 K) and the bond length of 
the M-OH, bond. 
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Abstract 

Reaction of selenium with 2.3.diaminonaphthalene was reinvestigated with bromide ion as a catalyst. In acid 
medium, selenium reacts with the above reagent to form a complex extractable with cyclohexane and with an 
absorption maximum at 378.5 nm. The molar absorptivity of the complex is 17.5 x 10’ 1 molt ’ cm ‘_ Beer’s law is 
obeyed in the range 0.5- 12 mg 1~ ‘. The method is reproducible and the standard and relative standard deviation for 
seven replicate analyses of 2 mg 1~ ’ of selenium are 0.05 absorbance units and 2.5%. respectively. The limit of 
detection is 0.012 mg I- ‘. The method was optimized for the determination of selenium in water, soil. cereal and 
mineral mixtures and cattle feed and was compared with the reported 2.3-diaminonaphthalene method. 

Kqwords: Selenium; Spectrophotometry; 2.3-Diaminonaphthalene 

1. Introduction 

Selenium is a widely distributed metalloid with 
ubiquitous properties. As its toxicological and 
physiological importance has become more evi- 
dent, there been increasing interest in the determi- 
nation of this element [l-3]. The most commonly 
used methods are atomic absorption spectrometry 
(Hydride generation and electrothermal atomiza- 
tion), molecular fluorescence spectrometry, gas 
chromatography and spectrophotometry. Spec- 
trophotometric methods are popular because of 
their simplicity and are based on piazselenol 

* Corresponding author 

complex formation between the reagent and sel- 
enium. The common reagents are o-diamines, 
3,3-diaminobenzidine [4], dithizone, o-phenylene- 
diamine [5], 2,3-diaminonaphthalene [6], S-hy- 
droxyquinoline [7,81, 6-amino-l -naphthol-3 
sulphonic acid (J-acid) [9,10] and 2,3-diamino-1,4- 
dibromonaphthalene [ 111. These are sensitive to 
pH, temperature and other physico-chemical 
parameters. Some of the colour development reac- 
tions are very slow and are susceptible to interfer- 
ences from a large number of ions. 2,3- 
diaminonaphthalene is a widely used reagent for 
standardization and pharmaceutical testing owing 
to its lack of toxicity and ready availability [12]. 
Several modifications of this method has been 

0039-9140/96j$l5.00 C 1996 Elsevier Science B.V. All rights reserved 

PII SOO39-9140(96)01947-9 
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published in recent years [12215]. These methods 
require extraction, pH optimization and a long 
time (110 min) for colour development and can- 
not be applied to cattle feed or mineral mixtures. 

solution was shaken well and filtered. This reagent 
was used for the present investigation. 

2.3. Procedure 
In this work, the 2,3-diaminonaphthalene 

method [6] was modified and applied to the deter- 
mination of selenium in the above samples. The 
reagent was modified by adding hydroxylammo- 
nium hydrochloride and potassium bromide and 
the analytical parameters were evaluated. The 
method was applied to the determination of sele- 
nium in water, soil, cereal and cattle feed samples 
and was compared with the reported method. 

2.3.1. Prepuration of’ culibration gruph 

2. Experimental 

To an aliquot of solution containing 5-60 pug 
(1- 10 ml) of selenium in a 25 ml boiling tube, 2 
ml of reagent B were added and the pH was 
adjusted to 2 by dropwise addition of 1 mol l- ’ 
HCl. The solution was then kept in a boiling 
water-bath for 5 min. The solution was allowed to 
cool and the piazselenol complex was extracted 
into 10 ml (5 x 2 ml) of cyclohexane. The cyclo- 
hexane layer was dried over anhydrous sodium 
sulphate. The absorbance of the solution was 
measured at 378.5 nm against a reagent blank. 

2.1. Appuratus 
2.3.2. Determination of selenium in water 

A Hitachi Model 3021 double-beam UV-visi- To an aliquot of 100 ml of sample in a distilla- 
ble spectrophotometer with 10 mm matched silica tion flask, 1 g of potassium bromide and 10 ml of 
cells was used for all spectra1 measurements. pH sulphuric acid were added and distilled as re- 
measurements were made with a Philips pH me- ported [6]. The distillate was collected in 5 ml of 
ter. reagent B and analysed as above. 

2.2. Reagents 2.3.3. Selenium in soil samples 

All reagents were of AnalaR grade. Selenium- 
free water was prepared by sub-boiling of deion- 
ized water. 

2.2.1. Selenium solutions 
A stock standard solution of selenium was pre- 

pared from metallic selenium as reported [15]. 
Working standard solutions were prepared by 
appropriate dilution of the stock standard solu- 
tion. 

Depending on the available selenium concentra- 
tion, 5 g of soil sample were place in a steam 
distillation flask with 200 ml of water and stirred 
thoroughly with a magnetic stirrer. A 5 ml volume 
of 10% sodium hydroxide solution was added and 
the mixture was concentrated to 50 ml by heating 
under vacuum. To this, 500 mg of potassium 
bromide were added after acidification with hy- 
drochloric acid. The contents were distilled as 
reported [6] and the distillate was collected in 5 ml 
of reagent solution in a 100 ml impinger. 

2.2.2. 2,3-diaminonuphthalene 
(A) A 3 x 10 ~ 3 mol 1~ ’ solution of the reagent 

was prepared by dissolving 100 mg of the reagent 
in water along with 500 mg of hydroxylammo- 
nium chloride by slow heating. This was diluted 
to 100 ml and stored in an amber-coloured bottle 
at 4 “C. The reagent was prepared 1 h before use. 

2.3.4. Determination of selenium in cereals and 
plant materiuls 

(B) A 50 ml volume of the above solution was 
taken in an amber-coloured volumetric flask and 
25 mg of potassium bromide were added. The 

A 5 g amount of cereal was placed in a 100 ml 
Kjeldahl flask and heated with selenium-free nitric 
acid for 20 min, 0.5 ml of perchloric acid was 
added and the mixture was heated gently with 
stirring in a fume-hood for 10 min. After cooling, 
10 ml of water were added and the solution was 
heated for another 10 min. The contents were 
diluted to 50 ml after adding 10 ml of 0.1 mol 1 - ’ 
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EDTA solution and analysed as recommended in mum absorbance was obtained in the pH range 
Section 2.3.1. 2 4 0.3. 

2.3.5. Determincltion of srknium in mined 
mixtures/cattle feed 

For free selenium, 1 g of sample was taken in a 
flat-bottomed flask, 10 ml of water were added 
and the mixture was stirred at 50 “C for 10 min. 
The contents were filtered through a 0.45 jlrn 
filter under suction. The filtrate was acidified with 
HCl to pH 2 and analysed as above. 

For total selenium to 1 g of the mineral mixture 
10 ml nitric acid were added and digested for 10 
min. To this 25 ml of water were added, filtered 
and the filtrate was analysed as recommended 
above. 

The effect of foreign ions on the determination 
of selenium was studied. The tolerance level for 
some of the investigation ions (in mg lP ‘) are 
Ag+, K+, Ba2+ 5000; V’+, Ca2+ 4800; Cu2+ 
2500; Fe2+, Fe”+, 1200; Sb” + 1000; Te4 + 800; 
Ce’ + 750; NO,, NO;, SO:; 1000; and Zn’+, 
Bi’+, Cd’+, Sn2+ 250. Since most oxidants and 
reductants interfered, selenium was separated 
from the samples (soil, cereal and cattle feed) 
prior to its determination. 

3. Results and discussion 

The absorption spectrum of the complex ex- 
tracted with cyclohexane shows an absorbance 
maximum at 378.5 nm, whereas the reagent blank 
has negligible absorbance at this wavelength. The 
absorption was a linear function of concentration 
of selenium in the range 0.5512 mg l-- ‘. The 
apparent molar absorptivity was 17.5 x lo3 mall ’ 
cm -‘. The reproducibility of the method was 
assessed by calculation of the standard and rela- 
tive standard deviations for a 2 mg 1~ ’ solution of 
selenium, the values for seven replicate analyses 
being 0.05 absorbance units and 2.50/o, respec- 
tively. The corresponding values for selenium us- 
ing the reported method [6] were 0.092 
absorbance units and 3.9%. 

The presence of bromide ion enhances the 
colour development reaction and improves the 
precision of the method. The bromide ion helps 
the quantitative conversion of other forms of 
selenium to selenium(IV), which reacts with the 
dye in the bromide environment more rapidly and 
forms the complex. The role of bromide ion in the 
system is purely catalytic and even 5 ml of 2% 
bromide solution did not interfere in the reaction. 
Addition of bromide to the reagent makes it more 
stable at room temperature. It was found that in 
the presence of bromide ions at temperatures 
above 80°C the colour development reaction was 
fast and reproducible. 

3.1. Application 

Under the optimum conditions, 6 x 10 ~ ’ mol 
1~. ’ of the reagent solution was sufficient for 
complete colour development. The effect of tem- 
perature on the colour development reaction was 
studied. The colour development requires lOO- 
120 min at room temperature when the reagent 
mixture reported in the literature [6] is used. At 
higher temperature the reaction was not repro- 
ducible, probably owing to decomposition of the 
coloured complex. The optimum temperature 
range for complete colour development reaction 
was 80- 100°C. The colour development reaction 
also depends on the pH of the solution. Maxi- 

The method was applied to the determination 
of selenium in several samples of water, cereals 
and mineral mixtures. The results (Table 1) were 
compared with those for the reported 2,3-di- 
aminonaphthalene method [6]. The results ob- 
tained by the reported method [6] were high 
owing to interferences from other metal ions. 

3.2. Comparison \,vith another method 

The proposed method has been compared with 
another reported method [6]. The current modifi- 
cation makes the reaction fast and enhances the 
reproducibility. Although the present method is 
less sensitive than J-acid methods, the modifica- 
tion is significant in view of its wide application. 
The proposed method will be useful for the accu- 
rate determination of selenium especially in com- 
plex mineral matrices. 
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Table 1 
Application of the method” 

Sample Amount 
taken 

Se added 
(mg 1-l) 

Se found (mg 1~ ‘)’ 

A B 

Recovery (0%) 

A B 

Water 5 ml 2 
4 
8 

Cereal 2g 0 

Soil 5!2 0 

Mineral mixture Ig 0 

I.95 1.97 97.5 98.5 
3.81 3.95 95.3 98.7 
7.45 7.87 93.1 98.3 
2.1 1.6 N.A N.A 
2.1 1.62 
2.8 1.61 
5.1 3.9 
5.9 3.85 
6.3 3.88 
24.2 17.1 
25.3 17.3 
26.4 17.1 

a A = reported procedure [6]; B = present method 
b Means of three replicate analyses. 
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Abstract 

To design a sensitive and selective kinetic method for determining a catalyst, the kinetics of the ligand substitution 
reaction between the mercury(II)-4&(2-pyridylazo)resorcinol complex and 1,2-cyclohexanediamine-N,N,N’,N’,N’-te- 
traacetic acid together with the catalytic effect of some inorganic ligands on this reaction were studied. The rate 
constant for a catalyzed reaction path was found to be linearly correlated with the electron donor constant of the 
catalyst. From this correlation, the difference in reactivity between sulfite or thiosulfate and sulfate was established. 
Under the selected conditions, sulfite up to 1.5 x 10 p6 M and thiosulfate up to 7 x 10 ’ M could be determined with 
detection limits of 3 x 10 ~ ’ and 2 x 10 -s M in the presence of 10 000 and 25 OOO-fold molar amounts of sulfate, 
respectively. The tolerance level in the determination of 1 x 10 -’ M of sulfite and 4 x 10 ~ 7 M of thiosulfate was 
studied for 15 inorganic anions and 44 metal ions. 

Keywords: Differential kinetic analysis; Inorganic ligand catalysis; Ligand substitution reaction; Mercury(I1) 

1. Introduction 

Ligand substitution reactions of a metal-chro- 
mogenic ligand complex (MR) with a polycar- 
boxylic- or aminopolycarboxylic-type multident- 
ate ligand (Y) can be written as 

* Corresponding author. 
’ Presented at the 1995 International Chemical Congress of 

Pacific Basin Societies (PACIFICHEM ‘95) in the Symposium 
on Kinetic and Mechanistic Aspects of Analytical Chemistry, 
Honolulu. Hawaii, USA, December 17 -22, 1995. 

MR+Y$ MY+R (1) 

charges are omitted for simplicity, where kr is the 
overall forward rate constant. This reaction sys- 
tem has been widely used in inorganic differential 
kinetic analysis [l-4]. It has been found that some 
reactions are catalytically accelerated by an addi- 
tional ligand (A) and this catalytic effect provides 
a basis for the kinetic determination of the ligand 
carrying such a catalytic feature [5,6]. 

From mechanistic considerations concerning 
the formation constant of a mixed-ligand complex 

OO39-9140~96~rSl5.00 0 1996 Elsevier Science B.V. All rights reserved 
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[7,8], the catalytic effect of the additional ligand A 
on the substitution reaction (1) is found to be 
described by [9] 

2. Experimental 

2.1. Reagents 

log (kr* :k,) = &?(A) + pH(A) + l’,?(A) (2) 

where kf is the overall rate constant for the 
catalyzed reaction path, E and H are the electron 
donor constant and basicity constant of catalyst 
A, respectively (their values are normalized to 
zero for A = H,O and have been given for typical 
monodentate ligands [lo] and some selected multi- 
dentate ligands [l l] and x, p and ;’ are constants 
characteristic of the metal ion M; the values of z 
and b have been estimated from the stability of 
the metal complex [lo] and that of )’ from the 
reactivity of the metal ion and its complexes 
[9,12,131). 

For M=Hg’+ , which is a typical soft metal 
ion with negligibly small b and 7 values compared 
with c(, we have 

log (k; jk,) = &(A) = 5.8E(A) (3) 

With the value of E(A), it has been demonstrated 
[9] that the catalytic effect of halide ions on 
the ligand substitution reaction of the mer- 
cury(II))4-(2-pyridylazo)resorcinol (PAR; H,R) 
complex with 1,2-cyclohexanediamine-N,N,N’,N’- 
tetraacet-ic acid (CDTA; H,Y) can be described 
by Eq. (3). 

All chemicals were of reagent grade. A solution 
of mercury(I1) was prepared by dissolving the 
oxide in perchloric acid. The concentrations of 
mercury(I1) and perchloric acid in the stock solu- 
tion were 1.00 x lop2 and 1 M, respectively. PAR 
and CDTA (Dojindo, Japan) were dissolved in 2.5 
equivalents of sodium tetraborate and 2 equiva- 
lents of sodium hydroxide, respectively. The stock 
solutions used to study the effect of diverse ions 
were prepared by dissolving the corresponding 
sodium or potassium salt and the corresponding 
nitrate or perchlorate in distilled water for anions 
and metal ions, respectively. An equivalent 
amount of CDTA was added to the stock solution 
of sulfite in order to prevent possible air oxidation 
of sulfite catalyzed by trace amounts of heavy 
metal ions in the salt. This stock solution was 
freshly prepared just before use. 

2.2. Measurements 

When the catalytic effect of an additional lig- 
and other than halides on this ligand substitu- 
tion reaction is assumed to be dscribed also by 
Eq. (3) some interesting differences in reactivity 
between related species are found. For example, 
the values of kp for A = SO: ~ and SOi- are 
estimated to be lO’“.O and lo’.” times larger than 
that of kf, respectively. This marked acceleration 
effect of so: and the large differ- 
ence in reactivity between SO:- and SO: 
provide an opportunity to design a sensitive 
and selective kinetic method for determining 
sulfite in the presence of sulfate with this reaction 
system. 

Absorption spectra and absorbances were mea- 
sured with a UV-3100 spectrophotometer (Shi- 
madzu. Japan). Reactions were started by mixing 
the Hg(II)-PAR solution and CDTA solution 
with an MX-7 mixing device (Otsuka Electronics, 
Japan). The changes in absorbance at 500 nm 
were recorded as a function of reaction time. The 
temperature of the reaction solutions was main- 
tained at 25.0 k O.l”C. The ionic strength (I) was 
maintained at 1 M with sodium perchlorate. The 
pH in the reaction solution was adjusted with 
borate buffer and was measured with a IM-20E 
digital ion meter (Toa Denpa, Japan) and a glass 
electrode. 

3. Results and discussion 

In order to demonstrate this, we studied the Among various chromogenic ligands [ 14,151 
kinetics of the substitution reaction between the which form highly colored and water-soluble 
Hg(II))PAR complex and CDTA together with complexes with mercury(I1) in weakly alkaline 
the catalytic effect of some inorganic ligands in- media, PAR was selected as R in Eq. (1). The 
volving sulfate and sulfite. mercury(II)-PAR complex was stable in the pres- 
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ence of a large excess (higher than 7 x 10 -. 4 M) 
of PAR over the pH range 8.449.1. Employing 
CDTA, ethylenediamine-N,N,N’,N’-tetraacetic 
acid (EDTA), glycol ether diamine-N,N,N’,N’-te- 
traacetic acid (GEDTA) and diethylenetriamine- 
N,N,N’,N”,N”-pentaacetic acid (DTPA) as Y in 
Eq. (l), the time necessary for complete substitu- 
tion of the mercury(II)-PAR complex with lig- 
and Y was studied at pH 9. This was found to 
be 15 min for 1 x 10 -’ M CDTA, 30 s for 
2x lop5 M EDTA and 1 x lop4 M GEDTA 
and 20 s for 1 x lo-” MDTPA. CDTA was 
therefore selected as the substitution ligand for 
the mercury(II)-PAR complex. 

3.1. Substitution of mercury(II)- PA R complex 
with CDTA 

Under the present experimental conditions in 
which C,,, = 1 x 10 ’ M, C,,,=(O.%l) x lop3 
M, Cc-,,,, = (0.552) x 10 p4 M and pH = 8.449.1 
(borate buffer), the reaction can be described as 
[51 
HgRz ’ ~ +HY’- +H+ +HgY*- +2HR- 

(4) 

and the rate equation as 

- d[HgR? ’ -]Idt = k,,,, R,V,[HgR2 ’ -1 (5) 

The conditional rate constant k,,(,, R, y’ involving 
concentrations of hydrogen ion, PAR and CDTA 
was determined from the spectrophotometric 
first-order plot. The values of k,,,. R,Y’ obtained 
at various [H -1, [HR ] and [HY” -1 were ana- 
lyzed in the same manner as in Ref. [5]. k,,,. R.Y’ 
was thus found to be expressed by 

k o(H. R, y, = 6% + kz[H + IWY’ l:‘WR 1 (6) 

with k, = 2.6 x 10 * so ’ and k 2 = 1.9 x 10’ M-’ 
S- ‘. Taking the differences in the concentration 
ranges of the reactants and in the ionic strength 
into consideration, these rate constants are in 
fairly good agreement with the values reported 
previously (1.9 x lo-* s’ and 2.4 x 10’ M-’ 
S ~ ‘, respectively [5]). 

3.2. Cutull~tic effect of inorganic ligunds 

At C,,=l x lo-’ M, C,,,=8x lo-” M, 
Cc’,.,, = 1 x 10 p4 M and pH = 8.9, reaction (4) 
was followed in the presence of Cl-, Br, II, 
SCN-, NH,, NO, -, SO,‘-. SO,‘- and 
S,O, ‘-, representing A in Eq. (2). Among these 
inorganic ligands, up to 1 x 10 -* M NO, ~ and 
so,2- had no effect on the rate of the substitu- 
tion reaction. Above this concentration, the reac- 
tion was decelerated, probably owing to the salt 
effect. The reaction was accelerated by the other 
ligands. The conditional rate constant k,(,,. H, R, uj 
was determined from the first-order plot in the 
presence of A and was found to be linearly cor- 
related with the concentration of A. as shown in 
Fig. 1. The value of the intercept of this plot, 
which corresponds to the rate constant for the 
reaction path independent of A, was the same as 
that found in the absence of A at the same pH. 
Hence the following relationship was observed: 

= Ck,w, K. Y) + km. rc y) *[AlS[HgR2 ’ -1 

where k,(,, K,Y’ and k&,, R,Y, correspond to k, 
and k;2 in Eq. (2) at given concentrations of 
hydrogen ion, PAR, and CDTA. The value of 
k,* was determned from the slope of the linear 
plot of kOcA, “, R,Y’ against [A]. 

The plot of log kp against E(A) gives a straight 
line with a slope of 2.9 and an intercept of - 2.6 
(Fig. 2). Although the logarithmic value of kf for 

Fig. I. Effect of sulfite concentration on k,,,,,,,,,, R, yj. C,,, = 
Ix lo-’ M, C,,,=8x IO-’ M, Cc-,,,= I x 10W4 M, 
pH = 8.86 k 0.02. 



1718 S. Yam&a et al. 1 Tulanta 43 (1996) 1715-1720 

E(A) 

Fig. 2. Plot of log k: against E(A). 

A = H,O( - 2.2) is in agreement with that of the 
intercept of the straight line in Fig. 2, within 
experimental error, the present slope is consider- 
ably smaller than that predicted by Eq. (3). Al- 
though the reason for this discrepancy is not clear 
at present, the sufficient difference in reactivity 
between SO, 2 - or S,O, 2 ~ and SO, 2 ~ enabled 
us to design a kinetic method for the determina- 
tion of SO, 2 ~ or S,O,’ in the presence of a 
large amount of SO, 2 -. 

3.3. Catalytic determination of sulfite and 
thiosulfate 

Under the selected conditions in which C,, = 
1 x~O-~ M, C,,,=8x10p4 M, Cc,,,=5x 
lop4 M and pH = 8.4, the difference in 
absorbance at 4 and 20 s after the start of the 
reaction was plotted against the concentration of 
A. This calibration curve was linear up to 1.5 x 
1O-6 M SO,‘- or 7 x 1OW’ M S,0j2-. The 
detection limits, defined as 30 of the intercept of 
the respective calibration curves, were 3 x 10 - 8 
M for S0,2p and 2 x lOW* M for S,0,2-. As 
shown in Table 1, the presence of 10 OOO-fold and 
25 OOO-fold molar amounts of SO42 ~ can be 
tolerated in the determination of 1 x 10W6 M 
so,2- 7 and4x lo- M S,O, 2 ~, respectively. 

3.4. Effect of ditlerse ions 

The tolerance level of typical inorganic anions 
in the determination of 1 x 10 ~’ M SO, 2 - or 

4x lo-’ M S,O,‘- was studied and the results 
are summarized, together with the E(A) values, in 
Table 1. The tolerance level was defined as the 
amount of an ion causing an error of not more 
than 5%. As expected, an anion with a smaller 
E(A) value can be tolerated to a higher level. The 
results also show that, for anions having E(A) 
values smaller than 1.8, the presence of loo-fold 
or greater molar amounts can be tolerated, except 
for bromide. 

The tolerance levels of diverse metal ions were 
also studied and the results are summarized in 
Tables 2 and 3. Metal ions that caused positive 
errors due to complexation with PAR include 
Al(III), As(III), Be(II), Bi(III), Cd(II), Ce(III), 
Ce(IV), Cr(III), Cr(VI), Cu(II), In(III), La(III), 
Lu(III), Mn(II), Mn(VII), Sc(III), Se(IV), Sm(III), 
Ti(IV), TI(I), Tl(II1) and Y(II1). Au(II1) and 
Pd(I1) caused negative errors due to complexation 
with PAR. Co(II), Fe(III), Ga(III), Ni(II), Zn(I1) 
and Zr(IV) caused no errors in spite of the com- 
plexation with PAR. Ba(II), Ca(II), Ge(VI), 
Mg(II), Pb(II), Pt(II), Se(V1) and Sr(I1) caused 
negative errors in spite of no reaction with PAR. 
Metal ions that caused no errors due to an ab- 
sence of reaction with PAR (and probably also 
with CDTA) include As(V), K(I), Li(I), Mo(V1) 

Table I 
Tolerance levels of diverse anions in the determination of 
1 x lop6 M sulfite or 4x IO-’ M thiosulfate 

Anion [Anion]/[SO, ‘-1 [Anion]/&O, ‘-1 E(A) 

Fp 10000” 25000” -0.27 
NO, - 5000 25000” 0.29 
so, ?- 10000” 25000” 0.59 
CH,COO- 10000” 25000” 0.96 
HP04 ‘- 5000 10000 
HCO, - 1000 2500 
Cl- 100 250 1.24 
Br- 5 IO 1.51 

N, 100 250 1.58 
NO, 2000 5000 1.73 
SCN- 1 2 1.83 

NH, 0.2 0.25 1.84 
HS- 0.04 0.1 
I- 0.01 0.025 2.06 
s,o, ?- 0.02 2.52 
so, 2- 0.05 2.57 

’ Maximum ratio examined. 
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Table 2 
Tolerance levels of divese metal ions in the determination of 
1 x 10mh M sulfite 

[Ion]/[SO, ‘-1 Metal ion 

1000” 
100 

10 

As(V). K(I), Li(l) 
Ag(l). Be(II), Cr(II1). 
Cr(V1). Mo(V1). Se(IV), 
Se(VI), W(V1) 
Al(II1). Ba(II), Ca(II), 
Co(II), Fe(II1). Ga(II1). 
La(IlI), Mg(II), Ni(II), 

1 

0. I 

0.01 

Pb(I1). Sr(II), TI(I), Zn(II), 
Zr( IV) 
Ce(IV), Cu(I1). Ge(IV). 
In(II1). Pt(II), Tl(II1) 
As(II1). Au(lII), Bi(II1). 
Cd(II), Ce(III), Lu(III), 
Mn(II), Mn(VII), Pd(II), 
Sc(II1). Sm(II1) 
Ti(IV), Y(III) 

d Maximum ratio examined. 

and W(V1). Masking with 1 x 10-I M fluoride 
did not result in any successful improvement in 
the tolerance levels given in Tables 2 and 3. 

Sulfite and thiosulfate are metastable in 
aqueous solutions and oxidized to sulfate by at- 
mospheric oxygen. Hence, it is essential to de- 
velop a method for determining sulfite and 
thiosulfate in the presence of as high sulfate levels 
as possible. A number of spectrophotometric 

Table 3 
Tolerance levels of diverse metal ions in the detemination of 
4x 10m7 M thiosulfate 

[Ion]:[SZO, ‘-1 Metal ion 

1000” 
100 

10 

1 

0.1 

As(V). K(I), Li(I), Mo(VI), Se(V1). W(V1) 
Be(I1). Cr(III), Cr(VI), Pb(II), Se(IV), 

WI) 
Al(III), Ba(II), Ca(II), Co(II), Fe(III), 
Ga(III), La(II1). Mg(II), Ni(I1). Sr(II), 
Zn(I1). Zr(IV) 
Ag(I), As(III), Cd(II), Ce(IV). Cu(I1). 
Ge(IV), In(III), Mn(VII), Pd(II), Pull), 
Sc(II1). Tl(II1) 
Au(III), Bi(III), Ce(III), Lu(III), Mn(I1). 
Sm(II1). Ti(IV), Y(II1) 

’ Maximum ratio examined. 

methods based on different principles for deter- 
mining sulfite [ 166261 and thiosulfate 
[20,24,25,27733] at micromolar levels have been 
proposed. Compared with these, the present 
method provides the highest tolerance level of 
sulfate and the lowest detection limit for both 
anions without resort to chromatographic separa- 
tion or chemical treatment. 
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Abstract 

The kinetics of soliddliquid extraction of rare earth elements (RE) (La, Ce, Sm, Dy and Yb) were studied with 
1-(2-pyridylazo)-2-naphthol (PAN) at 60°C using paraffin wax as a diluent. The rate of extraction is first order with 
respect to metal ion and hydrogen ion in the aqueous phase and second order with respect to the extractant in the 
organic phase. The rate-determining step is the formation of an [RE(PAN),]’ complex between REXA and PAN in 
the aqueous phase. The rate constant for the extraction was found to be about 10” 1 mol-’ ss’. The temperature 
dependence of extraction rate was determined and the activation parameters were calculated. 

Keywords: Kinetics; I-(2-Pyridylazo)-2-naphthol: Rare Earths; Solid-liquid extraction 

1. Introduction 

Soliddliquid extraction using a molten diluent 
at high temperature as a new branch of extraction 
chemistry has various advantages. In this tech- 
nique, organic substances which are solid at room 
temperature, such as naphthalene, biphenyl and 
paraffin waxes, are employed as diluents. The 
water-insoluble complex is readily extracted into 
the molten diluent at high temperature to achieve 
distribution equilibrium. Phase separation can be 
obtained by cooling the extraction system to room 
temperature. This procedure can efficiently avoid 
emulsion, a third phase and vaporization of sol- 
vent. Furthermore, rapid phase separation and 
high concentrations are also benefits for extrac- 
tion work. Normally, liquiddliquid extractions 

* Corresponding author. 

are carried out at low temperatures and few data 
involving temperatures above 50°C have been 
reported. Previous papers [l-6] have reported 
systematic investigations of the solid-liquid ex- 
traction behavior of lanthanides with some or- 
ganic reagents in the temperature range 55585°C. 
It was found there are some differences in extrac- 
tion mechanisms and thermodynamics between 
soliddliquid extraction and liquid-liquid extrac- 
tion. All the organic reagents employed, such as 
TOPO, DBM, PMBP and PAN are very effective 
and efficient for the extraction of lanthanides 
because of their large partition coefficients be- 
tween the aqueous phase and organic phase. 

Solid-liquid extraction of rare earth elements 
with PAN was studied in previous work [5]. Infor- 
mation obtained on thermodynamics helps in un- 
derstanding the extraction mechanism. However, 
further understanding of the extraction behavior 

0039-914Oj96/$15.00 8 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01954-6 
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and mechanism requires kinetic investigations of 
these high-temperature systems. This paper pre- 
sents the results of a detailed study of the kinetics 
of the RE(III)-PAN-paraffin wax solid-liquid 
extraction system above 60°C (RE = rare earth 
element). 

2. Experimental 

2.1. Reagents 

A 2 x lop3 M 1-(2-pyridylazo)-2-naphthol 
(PAN) solution in acetone was prepared by dis- 
solving the appropriate amount of PAN in ace- 
tone. 

As buffer solutions, 0.1 M ammonium chloride 
and ammonia solutions were used. 

Stock solutions of rare earth ions were prepared 
and the paraffin wax (m.p. 48850°C) was purified 
according to Ref. [5]. Redistilled, deionized water 
was used throughout. All chemicals were of ana- 
lytical-reagent grade. 

2.2. Apparatus 

A Model DF-1OlB magnetic stirrer (Zhejiang, 
China), a Model CS501 thermostat (Chongqing, 
China) with an accuracy f O.l”C, a Model 
U-3400 spectrophotometer (Hitachi, Japan) and 
a Model PHS- 1 OA digital acidityiionometer 
(Xiaoshan, China) were used. 

2.3. Procedure 

A suitable amount of standard solution of 
RE(II1) and buffer solution were placed in the 
extraction vessel with a water jacket (see the 
system in Ref. [5]). The volume of aqueous phase 
was kept to 10 ml with the ionic strength con- 
trolled at 0.1 with NaCl. A 1 g amount of paraffin 
wax was added to the vessel (V,: Vaq = 1.3:10, 
where V, is the volume of the organic phase and 
Va:,, that of the aqueous phase). Water at the 
required temperature was introduced into the 
jacket with thermostatic control. After the wax 
had completely melted, 0.5 ml of 2 x lop3 M 
PAN solution in acetone was added and magnetic 

t/S 

Fig. 1. Plot of In([REZf],=,,/[RE’+],=,) vs. time for Dy7+- 
PAN-wax system. [Dy’+]=2x IO--’ M, [PAN],=6.15 x 
IO-‘M, I=O.l M (NaCI), t=60&0.1°C, pH=(a) 8.60. (b) 
7.93, (c) 7.83, (d) 7.65. 

stirring was begun at a high speed, reaching a 
plateau region where a further increase in stirring 
speed had no effect on the rate of the extraction. 
The stirring was stopped after a period of time 
and the vessel was cooled to room temperature by 
circulation of cold water. 

+ 
2 
. 

A 
+ 
Ts z 
s 

b 

a 

Plot of In([RE’+],=,,/[RE7+],_ ,) vs. time for Dy’+- 
wax system, [Dy3+] =2 x IO-’ M, pH =7.94, l=O.l 

M (NaCI), t =6O&O.l”C. [PAN], =(a) 6.15 x lo-“ M. (b) 
7.69 x IO-“ M, (c) 10.77 x lop4 M, (d) 15.38 x tom4 M. 

Fig. 2 
PAN- 
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After removal of the solid wax, the pH of the 
aqueous phase was measured and the amount of 
RE(III) determined as in Ref. [5]. The total recov- 
ery of RE(II1) in both phases was calculated to be 
100 + 2%. 

3. Results and discussion 

A preliminary series of experiments were per- 
formed to determine the effect on the rate of the 
extraction of varying the stirring speed. It was 
found that the rate of extraction increased rapidly 
at the high temperature of the experiments when 
the stirring speed was increased, up to a maxi- 
mum value beyond which an increase in agitation 
had no significant effect on the rate of extraction. 
In all subsequent determinations, a stirring speed 
of 600 rpm within this “plateau region” was 
employed. 

3.1. Reaction order Mlith respect to the 
concentration of RE(III) 

According to the general kinetic equation for 
the formation of metal chelates, the rate r of 
reaching extraction equilibrium is given by 

r = - d[RE3 +]jdt = K[RE’+]“[HL]h,[H+]” (1) 

where K is the rate constant, RE’+ denotes rare 
earth ion Dy’+, [HL], denotes the PAN concen- 
tration the organic phase and a, b and c are the 
reaction orders of the reactants. 

At constant pH and constant concentration of 
PAN in the organic phase, the above rate equa- 
tion can be written as 

r = - d[Dy’+]jdt = k[Dy”+]“ (2) 

where k is the observed rate constant. The reac- 
tion was assumed to be first order with respect to 
the concentration of Dy”+ ion in the aqueous 
phase, that is, a = 1, and we can integrate Eq. (2) 
and obtain 

ln([Dy3+], = J[Dy’+], = ,) = kt (3) 

where [Dy’+], = 0 and [Dy”], = , are the concentra- 
tions of Dy’+ ion in the aqueous phase at time 0 
and time t, respectively. 

-1.7 

PH 

Fig. 3. Plot of logk vs. pH for Dy”+-PAN-wax system. 
[Dy’+]= 2 x 10-j M, [PAN], =6.15 x lO-4 M, 1~0.1 M 
(NaCI). I = 60 f O.l”C, pH =(a) 8.60, (b) 7.93. (c) 7.83, (d) 
7.65. 

This assumption was validated when a plot of 
ln([Dy3+], = ,/[Dy3+], = ,) vs. time was constructed 
and the points were found to lie on straight lines 
as shown in Figs. 1 and 2. Only the pH value is 
varied in Fig. 1 and only the concentration of 
PAN in the organic phase is varied in Fig. 2. 

-1.6 - 

-1.8 - 

-2.0 

-2.2 : / 

-2.4 - J 

-3.2 -3.1 -3.0 -2.9 -2.6 -2.7 

hWW, 

Fig. 4. Plot of log k vs. log[PAN], for Dy’+-PAN-wax 
system. [Dy’+]=2x IOe5 M, pH=7.94, 1=O.l M (NaCI), 
1=60~O,l”C, [PAN],=(a) 6.15 x lop4 M, (b) 7.69 x IO-“ 
M. (c) 10.77 x lO-4 M, (d) 35.38 x 10V4 M. 
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I 
81. ‘. ‘* ‘. 1. a 

0.00285 0.00290 0.00295 0.00300 0.00305 0.00310 

T’ I K-’ 

Fig.5.PlotoflogK,vs. I~T.[PAN]~,=6.15x10~“M,1=0.1 
M (NaCI). initial concentration of RE’+ = 2 x 10V5 M. 

3.2. Reaction order with respect to hydrogen ion 

Taking the above results with CI = 1 into consid- 
eration, the following equation was obtained from 
Eqs. (1) and (2): 

log k = log K + b log[HL],cpH (4) 

In Fig. 3, the plot of log k vs. pH at a constant 
concentration of PAN in the organic phase is 
straight line with slope of 1, which indicates a 
first-order reaction with respect to the hydrogen 
ion. 

3.3. Reaction order with respect to the 
concentration of PAN in the organic phase 

In a similar fashion, a first-order reaction with 
respect to PAN was found according to the plot 
of log k vs. [PAN], (Fig. 4). 

3.4. Mechanisms of extrrrction reaction 

Based on the data obtained above, the kinetic 
equation for the extraction can be rewritten as 

r = - d[RE3+]/dt = K[RE’+][HL]i[H+] (5) 

Considering this rate equation and the major 
species in the extraction system, we suggest the 

following steps in the extraction of RE(II1) with 
PAN : 

HL o = HL,,, 4, = W&W-la, (6) 
H,O =S H+ + OH-, K,., = [H+][OH-] (7) 

RE(OH)2+ + RE3+ + OH-, 

KC = [OHp][RE3+]/[RE(OH)2+] (8) 

RE3+ + 2HL,$ REL: + 2H+ (9) 

REL,’ + Cl- z+ REL,Cl (10) 

where K,, is the partition coefficient of PAN 
between two phases [6], K,,, is the dissociation 
constant of water at different temperatures [7,8], 
l/K, is the first-order stability constant of rare 
earth element hydroxide [S] and K, represents the 
rate constant of the path expressed by Eq. (9). 

The first, second and third steps can be re- 
garded as rapid equilibria, while the fourth is the 
rate-controlling step, with a first-order depen- 
dence with respect to RE’+ and second-order 
dependence with respect to PAN. The last step, 
however, is so fast that it can be neglected. In the 
given kinetic equation, a first-order dependence 
with respect to hydrogen ion is obtained, which 
means the RE’+ directly replaces the hydrogen 
ion in PAN before PAN dissociates. On the other 
hand, the presence of hydrated RE(OH)2+ at the 
experimental acidity in the aqueous phase [9] and 
the dissociation of RE(OH)*+ contribute to the 
first-order dependence with respect to hydrogen 
ion. Therefore. the above rate expression is equiv- 
alent to 

-d[RE’+]/dt = K,[RE’+][HL];, (11) 

From Eqs. (6), (7), (8) and (11). we have 

-d[RE3+]/dt = K,K,[RE’+][H+][HL]:/K,,,K2, 

(12) 

This is the rate equation for the fourth step 
expressed by Eq. (9) which is rate controlling. 

We can integrate Eq. (12) and obtain 

ln([RE’+l, = ,J[RE3+], = ,) 

= (K,K,[H+I[HLl~IK,,,K2,)t (13) 
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Rate constants and activation parameters 

Temperature (K) Parameter La Ce Sm DY Yb 

328 

333 

338 

343 

E, (kJ mall’) 

K, (x 10” Mu ’ s’) 2.40 1.91 0.250 0.112 0.0420 
AIH,” (kJ mall’) 154.732 168.328 177.796 192.500 211.720 
A!G,” (kJ mall’) 9.132 9.754 15.30 17.542 20.164 
A:.!?: (J Km’ mall’) 443.90 453.12 495.42 533.42 584.01 
K, (x IO” M-’ ss’) 4.22 3.55 0.742 0.364 0.151 
AiH,” (kJ mall’) 154.690 168.286 177.754 192.458 21 1.678 
AjG,: (kJ moII’) 7.752 8.230 12.572 14.57 16.99 
ATS,O (J K-’ mall’) 441.26 480.65 496.04 534.21 584.64 
K, (x 10” Mm’ s-‘) 7.08 6.03 1.78 0.93 0.42 
AFH,” (kJ mall’) 154.649 168.245 177.713 192.417 21 1.637 
A$: (kJ mol-‘) 6.454 6.905 10.33 12.16 14.39 
AiS: (J Km’ mall’) 438.43 477.44 495.20 533.21 583.57 
K, (x IO” Mm’ s ‘) 31.6 10.0 4.20 2.37 1.20 
AiH,” (kJ mall’) 154.607 168.203 177.671 192.375 21 I.595 
AiGz (kJ mall’) 2.326 5.608 8.082 9.714 I 1.66 
A$,: (J Km I mall’) 443.97 474.04 494.43 532.54 582.92 

157.459 171.055 1 SO.523 195.227 2 14.447 

The value of the rate constant K, in Eq. (12) at 
the experimental temperature can be calculated 
from the slope of the plot of ln([RE”],,,i 
[REX+], = ,) vs. time. 
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The temperature dependence of the rate 
constant K, of five rare earth ions (La, Ce, Sm, 
Dy and Yb) in the temperature range 55570°C 
is shown in Fig. 5. The plots of log K, vs. l/T 
for the five ions are a series of straight lines. 
The activation energy E,, activation enthalpy 
ATH,“, activation free energy A:Gz and activa- 
tion entropy A:Sz at different temperatures 
were calculated and the results are given in 
Table 1. 
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Abstract 

A non-cyclic tetrameric structure has been suggested for calcichrome (calcion). This structure is consistent with its 
mass spectrum, proton NMR spectrum. elemental composition and complexing ability with polyaromatic hydrocar- 
bons in water. The stability constants of the 1: 1 complexes formed between calcichrome and seven polyaromatic 
hydrocarbons in water at room temperature have been measured. 

Keywords: Calcichrome; Calcion: Complexation; Polyaromatic hydrocarbons 

1. Introduction 

Although calcichrome (also known as calcion) 
is used as a specific calorimetric reagent for the 
calcium ion, its structure is still controversial. 
Three structures have been suggested, the cyclic 
trimer 1 [l-3], the non-cyclic trimer 2 [4] and 
the dimer 3 [5,6]. Only structure 3 is consistent 
with the observed [5,7] elemental composition 
with a carbon to nitrogen ratio of 1O:l and the 
proton NMR spectrum indicating seven aro- 
matic protons (one isolated and three pairs with 
the protons meta to each other) and three labile 
protons. However, structure 2 is the one that 
has found general acceptance in spite of a lack 

* Corresponding author. 

of definitive analytical evidence (e.g. chemical 
suppliers assume this structure; see Scheme la). 

Our interest in the structure of calcichrome 
arose when we observed that it formed strong 
complexes with polyaromatic hydrocarbons in 
water. The dimer 3, although consistent with the 
observed elemental composition and the proton 
NMR spectrum, could not account for this com- 
plexation ability because it has no hydrophobic 
cavity to enclose the polyaromatic hydrocarbons. 
We set out to establish the structure of calci- 
chrome by examining its mass spectrum and re- 
examining its proton NMR spectrum. This 
paper suggests a non-cyclic tetrameric struc- 
ture for calcichrome and reports the stability 
constants of the complexes formed between 
it and seven polyaromatic hydrocarbons in 
water. 

0039-914Oj96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)0 1955-8 
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Scheme la 

2. Experimental 

2.1. Chemicals 

Calcichrome and the polyaromatic hydrocar- 
bons were commercial samples and were used 
without further purification. Elemental analysis of 
C, H and N in calcichrome agreed with the molec- 
ular formula C,,H,,N,0,,S,Na,.28Hz0. 

2.2. Instrumentution 

An AC300 300 MHz superconducting NMR 
spectrometer and a Hitachi U-2000 UV-visible 
spectrophotometer were used. 

2.3. Determination of stability constants 

Stability constants K of the complexes formed 

between calcichrome and the polyaromatic hydro- 
carbons were obtained according to two methods 
described previously, solid-liquid extraction [8] 
and a transport method [9]. In the former method, 
15 mg of each of the solid polyaromatic hydrocar- 
bons were extracted with 5.80 x lop4 M of calci- 
chrome (5.80 x lop3 M in the case of naphthalene). 
In the latter, the concentration of the polyaromatic 
hydrocarbons in the hexane phase was varied from 
1.0 x lo-’ to 5.0 x 1O-3 M and the concentration 
of calcichrome used was 5.80 x lop4 M. All exper- 
iments were performed at least in duplicate. 

3. Results and discussion 

3.1. Structure qf culcichrome 

Calcichrome is assigned the non-cyclic tetrameric 
structure 4 on the basis of its mass spectrum, proton 
NMR spectrum and elemental composition. The 
laser desorption mass spectrum (positive-ion mode) 
of the acidic form of calcichrome (Na’ replaced by 
H’ from Dowex 5OW-X8 hydrogen-form ion-ex- 
change resin) in a dihydroxybenzoic acid matrix 
shows a peak at m/z 1358 (Fig. 1) which could be 
assigned to the [M + 5H,O + H] ion (inclusion of 
water molecules in the molecular ion was observed 
previously [lo]). The observed peak at m/z 1358 
rules out the possibility of structures 1, 2 and 3 
whose acidic forms have much lower m/z values 
(991, 981 and 651, respectively). 

Fig. I. Laser desorption mass spectrum (positive-ion mode) of 
calcichrome (with Na+ replaced by H+) in dihydroxybenzoic 
acid as matrix. 
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Structure 4 is consistent with the observed 10 
peaks of equal integration in the proton NMR 
spectrum of calcichrome in DMSO-L& (Fig. 2). 
There are seven kinds of aromatic protons (one 
isolated at 8.20 ppm and six meta to each other at 
7.23, 7.33, 7.49, 7.61, 7.89 and 7.94 ppm with 
typical meta coupling constants of 1 .l-1.5 Hz) 
and three kinds of labile protons at 11.79, 11.99 
and 17.13 ppm (they disappear in D,O solvent). 
We assign the 11.79 and 11.99 ppm peaks to the 
two kinds of phenolic protons and the 17.13 ppm 
peak to the diaza protons (previous workers [5,6] 
attributed all the three peaks to phenolic protons). 
Our assignment of the 17.13 peak to the diaza 
protons is supported by its disappearance when 
the proton NMR spectrum of a sample of calci- 
chrome neutralized with two equaivalents of 
sodium hydroxide was recorded (Fig. 3). The 
other two phenolic proton peaks are still present 
and they are shifted downfield to 13.41 and 14.65 

L 
Fig. 2. 300 MHz proton NMR spectrum of calcichrome (0.1 
g) in DMSO-d, (0.6 ml) at 25°C; solvent peak at 2.50 ppm (not 
shown) as internal reference. The inset is an expansion of the 
aromatic proton region. 

ppm. This downfield shift is consistent with better 
hydrogen bonding between the phenolic hydro- 
gens and the diaza nitrogens when the latter are 
not protonated (a partial structure for protonated 
diaza nitrogens is shown as 5 and those for non- 
protonated diaza nitrogens with hydrogen bond- 
ing involving the phnolic hydrogens are shown as 
6 and 7). 

5 

6 

0 

% 
0 

H 
$N 

?I3 
00 

7 

Structure 4 is also consistent with the reported 
elemental composition with a carbon to nitrogen 
ratio of 1O:l [5,7] and the formation of two 
products from the selective cleavage of the azo 
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i 

I 4.0 12.0 10.0 

Fig. 3. 300 MHz proton NMR spectrum of calcichrome neu- 
tralized with two equivalents of NaOH (0.2 g) in DMSO-d, 
(0.6 ml) at 25°C; solvent peak at 2.50 ppm (not shown) as 
internal reference. 

groups in calcichrome with tin(II) [6]. The two 
expected products from the azo cleavage reac- 
tion of structure 4 are 8 and 9 in a molar ratio 
of 2:l. The former, a smaller molecule, is ex- 
pected to elute faster than the latter in column 
chromatography. It is expected to show four 
doublets with meta coupling constants in the 
proton NMR spectrum and the latter a singlet 
plus two doublets with meta coupling constants, 
in agreement with the reported results [6]. 

OH NH2 

bb 00 
Y Y 

a y=S03Na 

9 Y = S03Na 

The formation of 4 could be explained in terms 
of a combination of two known mechanisms in 
diazonium ion reactions [l I]. The first is the dimer- 
ization of two diazotized 1 -amino-%hydroxy- 
naphthalene-3,6-disulfonic acid (H-acid) with the 
loss of two nitrogen molecules. The second is the 
attack of two diazotized H-acid molecules on the 
two positions ortho to the two hydroxyl groups of 
the dimer. 

Talanta 43 (1996) 1727- 1731 
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Fig. 4. Relationship between absorbance at 251 nm of an- 
thracene in the receiving hexane phase and time. The initial 
concentration of anthracene in the source hexane phase is 
1.0 x IO-’ M. (A) 5.80 x tom4 M calcichrome in the aqueous 
phase and (B) no calcicrhrome in the aqueous phase. 

3.2. Complexation M’ith polyaromatic 
hydrocarbons 

That calcichrome is able to complex with 
polyaromatic hydrocarbons in water is shown 
by (1) its ability to increase the solubility of 
the polyaromatic hydrocarbons in water (for 
example, 5.8 x lop4 M calcichrome increases 
the solubility of chrysene 250-fold) and (2) its 
ability to increase the transport rate of polyaro- 
matic hydrocarbons from one hexane phase to 
another through an intermediate aqueous phase 
(an example is shown in Fig. 4 for the trans- 
port of anthracene). The non-cyclic tetrameric 
structure 4 is able to complex with polyaro- 
matic hydrocarbons because in its folded con- 
formation, as indicated by CPK molecular 
models, the four naphthalene units enclose a 
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Stability constants K of I:1 complexes formed from polyaromatic hydrocarbons and calcichrome in water at room temperature 

Hydrocarbon K (M-l)>’ K (M-‘)b K (M-l)’ Nd 

Naphthalene (I.0 f 0.1) X 103 (1.1 iO.6) x 10’ 4.5 x 102 2 
Acenapthene (3.5 * 0.2) x 10’ (3.1 * 0.5) x 10’ I.6 x lo? 2.5 
Fluorene (2.5 & 0.2) x lo4 (6.7 i 1.3) x 10’ 3.6 x 10’ 2.5 
Anthracene (2.2 * 0.1) x IO4 (2.6 k 0. I) x lo’ 2.3 x lo4 3 
Phenanthrene (2.2 * 0.1) x IO4 (2.1 * 0.1) x 104 1.4 X 104 3 
Pyrene (4.8 kO.1) x 104 (1.1 kO.1) X 105 4.3 x 104 4 
Chrysene (4.4 * 0.1) x I04 (1.7 kO.1) X 105 7.0 x IO4 4 

a Solid&liquid extraction method. 
b Transport method. 
c K values for cyclotetrachromotropylene as host [S]. 
d Number of aromatic rings in the guest molecule; a non-aromatic ring containing double bonds is counted as half [8]. 

hydrophobic cavity. Acknowledgements 
The stability constants K of the complexes 

formed were determined by two methods, solid- 
liquid extraction [8] and a transport method [9]. 
We have to make an assumption regarding the 
stoichiometry of the complexes since the usual 
mole ratio and Job plots to determine stoichiome- 
try cannot be used in the solid&liquid extraction 
and transport methods. The solubility problem of 
the polyaromatic hydrocarbons in water also 
ruled out the use of electronic and NMR spectro- 
scopic methods in our study. CPK molecular 
models indicate that the cavity size of the folded 
conformation of 4 is similar to that of cyclotetra- 
chromotropylene, a cyclic tetramer formed from 
four naphthalene units [8,9]. Since the latter has 
been shown to form complexes of 1: 1 stoichiome- 
try [12-141, the same stoichiometry was assumed 
in this work. The K values (Table 1) are of the 
same order of magnitude as those of cyclotetra- 
chromotropylene [8,9], indicating that calcichrome 
adopts a folded conformation in water and the 
size of its hydrophobic cavity is similar to that of 
cyclotetrachromotropylene. As with the latter 
host, log K increases linearly with increase in the 
number of aromatic rings in the guest molecule. 
For example, a plot of the log K values obtained 
from the transport method against the number of 
aromatic rings (N) in the guest molecules gives a 
straight line of slope 1.0 with a correlation coeffi- 
cient of 0.978, close to the slope of 0.92 for 
cyclotetrachromotropylene as host [S]. 
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Abstract 

A luminol chemiluminescence (CL) method was developed for the determination of glutathione (GSH). GSH was 
indirectly determined by measuring the amount of hydrogen peroxide formed during the Cu(II)-catalysed oxidation 
of GSH with oxygen. The amount of hydrogen peroxide formed was continuously measured using the Arthrnmyces 
rclmosus peroxidase-catalysed luminol CL reaction. The CL intensities at maximum light emission were linearly 
correlated with the concentration of GSH over the range 7.5 x 10 ‘-3.0 x lop5 M. The detection limit for GSH was 
about 10 times better than that of the spectrophotometric method using Ellman reagent. 

Kqvords: Chemiluminescence; Glutathione; Luminol; Peroxidase 

The peroxidase (POD)-catalysed luminol CL 
provides a sound basis for the assay of hydrogen 
peroxide (HZ02) and enzymatically generated 

1. Introduction 
H,O, [4]. In the Cu(II)-catalysed oxidation of 
aminothiols (RSH) such as cysteine with oxygen, 

Glutathione (GSH) plays an important physio- 
logical role in the protection of cellular constituents 
against oxidative damage in living cells. Many 
spectrophotometric and fluorometric methods 
have been developed for the determination of GSH 
[ 1,2]. Recently, chemiluminescence (CL) methods 
have attracted attention owing to their sensitivity. 
The lucigenin (Luc) CL reaction has been employed 
for the determination of GSH [3], but the detection 
limit was higher than that of the spectrophotomet- 
ric methods using Ellman reagent [l]. 

H,Oz has also been shown to be produced as an 
intermediate from oxygen [5]. We previously ap- 
plied the POD-catalysed luminol CL to the de- 
tection of H,O, formed during the course of 
the Cu(II)-catalysed oxidation of cysteamine 
(H,NCH,CH,SH) [6]. HzO, was detected by 
simultaneously performing the reactions 

c‘“? i 

2RSH + O2 + RSSR + H,Oz (1) 

POD 

luminol + H,O, + aminophthalate + N, 

* Corresponding author. + H,O f hv (2) 

0039.9140/96/$15.00 0 1996 Else\,ier Science B.V. All rights reserved 
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When Arthromyces rumosus peroxidase (ARP) 
was used as a catalyst for the luminol CL, a light 
emission-time profile followed the production 
rate of H,O, in the catalytic oxidation of cys- 
teamine. The purpose of the present study was to 
develop a highly sensitive CL method for GSH 
via the use of ARP-catalysed luminol CL coupled 
with Cu(II)-catalysed oxidation of GSH with oxy- 
gen. 

2. Experimental 

2.1. Materials 

ARP was kindly supplied from Suntory. Lumi- 
nol, GSH, L-cysteine and ~-(+)-ascorbic acid 
were obtained from Kanto Chemical and were 
guaranteed-grade reagents. EDTA, 1,l O-phenan- 
throline (Phen) and 2,2-dithiobis(5-nitropyridine) 
(DTNP) were purchased from Dojindo Labora- 
tory. Reduced nicotinamide adenine dinucleotide 
(NADH) was obtained from Sigma Chemical. 
Copper(I1) nitrate, ammonium iron(I1) sulfate, 
citric acid, boric acid and tertiary sodium phos- 
phate were obtained from Wako Pure Chemical 
Industries and were of guaranteed grade. All 
chemicals were used without further purification. 

ARP solution was prepared with Carmody’s 
buffer (pH 9.0) containing 6.9 x lop2 M boric 
acid, 1.7 x lo-’ M citric acid and 6.6 x lop2 M 
tertiary sodium phosphate [7]. The concentration 
of ARP was determined spectrophotometrically 
with an &403 value of 1.02 x lo5 1 mall’ cm-’ [8]. 
A 1.0 x IO-’ M stock solution of luminol was 
prepared by dissoloving the compound in 0.1 M 
NaOH solution. A 1.0 x lO-2 M stock solution of 
Cu(II), prepared from Cu(I1) nitrate in 0.1 M 
hydrochloric acid, was standardized with EDTA. 
Working standard solutions of ARP, luminol and 
Cu(I1) were prepared by serial dilution of the 
stock solutions with water and Carmody’s buffer 
solution. A standard solution of GSH was made 
daily. All solutions were prepared with deionized 
water from a Millipore Milli-Q water purification 
system. 

All of the reagent concentrations shown in the 
figures are initial concentrations. 

2.2. Apparatus 

All CL measurements were made using a lumi- 
nometer constructed in this laboratory. A glass 
cuvette (20 mm x 22 mm id.) was placed on a 
magnetic stirrer in a dark-box. The light output 
was detected with a Hamamatsu Photonics R453 
photomultiplier (PMT). The resultant photocur- 
rent was measured with a TOA Electronics PM-18 
type current meter and displayed on a chart 
recorder. A Cu(I1) solution and a GSH solution 
were injected through Teflon tubing into the cu- 
vette by using an injector (Iatron Laboratories, 
Dualpette type). Absorption spectra were mea- 
sured with a Hitachi U-2000 spectrometer 
equipped with 1 cm quartz cells. 

2.3. Cu(II)-catalysed oxidation of GSH with 
oxygen 

The catalytic oxidation was carried out at pH 
9.0 using the following conditions. A 2.5 cm3 
portion of buffer solution was added to a glass 
cuvette. A 0.25 cm3 portion of 1.2 x lop4 M 
Cu(I1) solution and a 0.25 cm3 portion of 1.2 x 
lop2 M GSH solution were simultaneously in- 
jected into the cuvette, and the catalytic oxidation 
was initiated. The entire solution, thus prepared, 
is referred to as the final solution. Oxygen was 
bubbled continuously at 45 cm’ min ’ during the 
reaction. 

2.4. Preparation of calibration curve 

The recommended procedure for the determina- 
tion of GSH consisted of pipetting a 1.0 cm3 
portion of a solution containing 1.0 x lop4 M 
luminol and 5.0 x lop7 M ARP into a glass cu- 
vette on a magnetic stirrer in the luminometer. 
The whole solution was saturated with oxygen. 
Next, a 1.0 cm3 portion of 1.0 x lop5 M Cu(I1) 
solution and a 1.0 cm3 portion of GSH solution 
were simultaneously injected into the cuvette and 
the CL reaction was monitored. The pH of the 
reaction mixture was 11.0. Oxygen was bubbled 
continuously at 45 cm3 min-’ during the reaction. 
All measurements were made at 25°C. The maxi- 
mum light emission was corrected for the light 
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emission of a blank containing no GSH. These 
background-corrected CL values are referred to as 
CL intensity. 

2.5. Anulytical procedure for GSH and H,02 

The concentration of GSH consumed and H,O, 
formed during the catalytic oxidation were deter- 
mined under the following conditions. A 0.1 cm3 
portion of the reaction mixture was pipetted into 
the cell containing 0.1 cm3 of 1 .O x lop3 M 
EDTA solution. The catalytic reaction was termi- 
nated with EDTA. Then, GSH was determined 
with DTNP by measuring the absorbance at 386 
nm [l] and H,O, with Fe(II)-Phen complex at 
510 nm [9]. 

3. Results and discussion 

3.1. Catalytic oxidution of GSH 

The Cu(II)-catalysed oxidation of GSH was 
carried out according to the procedure: 

cuz+ 
2GSH + 0, - GSSG + H,O, (3) 

The time course for GSH consumption and H,O, 
formation are shown in Fig. 1. The concentrations 
of GSH and H,O, on the vertical axis are those in 
the final solution. The concentration of H,O, 
formed increased with increase in the reaction 

1.0 

0 10 20 

Reaction time I min 

Fig. I. Time course of GSH consumption and H,Oz forma- 
tion during the catalytic oxidation. Curve 1, GSH consump- 
tion; curve 2, H,O, formation. [GSH] = 1.2 x 1O-2 M; 
[Cu(lI)J = 1.2 x 10V4 M; pH = 9.0. 

0 5 10 15 

Reaction time I min 

Fig. 2. CL response curve and time course of GSH consump- 
tion. Curve 1, time course of GSH consumption; curve 2, CL 
response curve. [GSH] = 5.0 x 10m4 M: [Cu(II)] = 1.0 x IO-’ 
M; [ARP] = 5.0 x lo-’ M; [luminol] = 1.0 x 10W4 M; pH = 
9.0. 

time. The amount of H,O, formed was 1.5 x lop4 
M in the final solution. When GSH is converted 
quantitatively into H,O,, the reaction yield 
(mol%) should be 50% (reaction (3)), where the 
reaction yield is defined as the ratio of the amount 
of H,O, formed to that of GSH used. However, 
the reaction yield of H,O, was 30% after 25 min, 
as shown in Fig. 1. This is because part of the 
H,O, formed was consumed as an oxidizing agent 
for the oxidation of GSH. 

Next, we determined the amounts of GSH con- 
sumed during the reaction when coupled with the 
ARP-catalysed luminol CL reaction. The catalytic 
oxidation of GSH was performed at pH 9.0 ac- 
cording to the procedure in which 5.0 x 10e4 M 
GSH solution was used. The time course of GSH 
consumption is shown in Fig. 2 (curve 1). GSH 
was almost completely oxidized by 10 min after 
the start of the reaction. 

PODS catalyse the oxidation of aminothiols 
such as cysteine through the POD cycle [lO,ll]. 
However, no reports have been found on ARP- 
catalysed oxidation of GSH. We then determined 
the concentration of GSH consumed during the 
catalytic oxidation by using ARP alone. The oxi- 
dation was carried out according to the same 
procedure as above, except that the buffer solu- 
tion was employed in place of Cu(I1) solution and 
luminol solution. After 10 min, nearly 2% of GSH 
was oxidized to GSSG. Therefore, GSH could be 
primarily oxidized by a Cu(II)-catalysed pathway 
(reaction (3)). 
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3.2. Light emission- time profile 

We examined the CL measurement of H,O, 
formed during the catalytic oxidation of GSH 
shown in Fig. 2 (curve I). A typical CL response 
curve is shown in Fig. 2 (curve 2j. The intensity of 
the light emission increased gradually with in- 
crease in the reaction time. 

The time course of GSH consumption suggests 
that the maximum light emission may appear 
about 2 min after the start of the reaction. How- 
ever, the maximum light emission appeared after 
6 min, by which time GSH was almost completely 
oxidized. These results could be explained by the 
scheme proposed in Fig. 3. The numbers in paren- 
theses show the effective oxidation level of iron in 
native ARP and ARP intermediates such as com- 
pounds I and II. Native ARP reacts with H,O, 
produced by the catalytic oxidation of GSH and 
then catalyses the oxidation of luminol (LH ) 
with the intermediates to form luminol radical 
(L ;) [12]. 

In the absence of GSH, the luminol radicals 
react with oxygen to yield endoperoxide (LO:-). 
LO:- then decomposes to yield an electronically 

GSH 

GSSG 

\ 
Compound II 

(+4) 

i 
Compound I 

(+5) x t! LH- 

02 

4.r 

5-L 
GSH GS* -+ GSSG 

\LO;- --WAPITI-+ AP + h\ 

Fig. 3. Scheme of ARP-catalysed luminol CL coupled with The effect of pH in the final solution was 
Cu(lI)-catalysed oxidation of GSH with oxygen. examined in the range 8.55 11 .O. Fig. 4 shows that 
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4, 

x 
.= E 1 
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PH 

Fig. 4. Effect of pH on the CL intensity. [GSH] = 1.0 x 10m5 
M: [Cu(lI)] = 1.0 x tom5 M; [ARP] = 1.0 x IO-’ M; [lumi- 
nol] = I.0 x IO-“ M. 

exited 3-aminophthalate dianion (AP*‘-), which 
returns to the ground state by emitting light. On 
the other hand, GSH acts effectively as a quench- 
ing agent for luminol radicals [13], thereby pre- 
venting the oxidation of luminol radicals to 
aminophthalate and subsequent light emission. 

The appearance of the CL from the start of the 
reaction suggests that the formation rate of lumi- 
no1 radicals in ARP-induced luminol oxidation 
may be higher than the disappearance rate of 
luminol radical with GSH, although the rate con- 
stant of luminol radicals with GSH is still not 
available. However, the quenching reaction of 
luminol radicals with GSH may proceed simulta- 
neously as long as GSH is present. Therefore, the 
maximum light emission could appear after al- 
most complete consumption of GSH. 

3.3. Optimum conditions ,for the determination of 
GSH 

In the ARP-catalysed luminol CL coupled with 
Cu(II)-catalysed oxidation of GSH, the CL inten- 
sity was dependent on the concentration of GSH, 
although part of the H,O, formed as a result of 
reaction (1) was consumed for further oxidation 
of GSH. We then optimized the conditions for the 
determination of GSH. In subsequent studies, the 
optimum conditions were determined by measur- 
ing the CL intensities so as to be maximum under 
the optimum conditions. 
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the CL intensity increased with increase in pH. 
This can probably be attributed to an increase in 
the rate of formation of HzO, accompanying an 
increase in pH, since pK,,,, of GSH is 8.8 [14]. 
Hence a pH of 11 .O was chosen for the recom- 
mended procedure by considering the buffer ca- 
pacity of Carmody’s buffer solution [7]. 

k 

L 
2 

The dependence on the ARP concentration was 
investigated in the range 5.0 x lo-“-2.0 x lop6 
M. The optimization curve for ARP concentra- 
tion is shown in Fig. 5. The CL intensity increased 
to the maximum value at 5.0 x lo--’ M, after 
which it decreased with increase in ARP concen- 
tration. Hence the optimum ARP concentration 
was chosen as 5.0 x lo-’ M. 

100 
nA 

5 

The influence of luminol concentration was 
tested in the range 5.0 x 10p6-2.0 x 10e4 M. The 
CL intensity exhibited a broad maximum at 1.0 x 
10e4 M. The optimum luminol concentration was 
thus determined to be 1.0 x lop4 M. 

4 w 
1 min 

Fig. 6. Typical CL response curves. [GSH]: I. I x 10V6: 2, 
6 x IO-? 3, I x 1OV’; 4, 5 x IO-’ M. [Cu(lI)] = 1.0 x 10V5 
M; [ARP] = 5.0 x lo-’ M; [luminol] = 1.0 x 10m4 M; pH = 
11.0. 

3.4. Analytical results and parameters 

The calibration curve was prepared under the 
optimum conditions. Typical CL response curves 
are shown in Fig. 6. A logarithmic calibration 
curve for GSH is presented in Fig. 7. The calibra- 
tion curve was linear over the range from the 
detection limit of 7.5 x lop7 M to 3.0 x lop5 M 
initial concentration of GSH with a slope of 0.82. 
The relative standard deviation for five successive 
experiments was 1.6% at 3.0 x lop6 M GSH. The 
detection limit for GSH was defined as the con- 

centration of GSH yielding an analytical signal 
greater than three times the CL intensity of the 
blank, which contained no GSH. The detection 
limit of the present method for GSH is about 10 
and 20 times better than those of the spectropho- 
tometric method with the use of Ellman reagent 
[l] and the Luc-CL method [3], respectively. 

Next, we examined the effects of biological 
reductants such as ascorbic acid, NADH and 
cysteine on the CL intensity according to the 
recommended procedure in which the reductants 

-a -7 -6 

log ( [ARP] / M ) 

-5 

Fig. 5. Effect of ARP concentration on the CL intensity. 
[GSH] = 1.0 x IO-’ M; [Cu(lI)] = 1.0 x IO-’ M; [luminol] = 
1.0 x lo-? pH = 11.0. 

1731 

-6 -5 -4 

log([GSH]/M) 

Fig. 7. Calibration curve for GSH. [Cu(II)] = 1 .O x lop5 M; 
[ARP] = 5.0 x 10m7 M; [luminol] = 1.0 x IO-$ pH = 11.0. 
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were added to a 3.0 x lOem6 M GSH solution. 
The tolerated concentration of each compound 
was taken as being the largest amount yield- 
ing an error of less than 5% in the CL intensity. 
The CL intensity decreased considerably in the 
presence of all of the reductants, even at a level 
equal to the concentration of GSH. This is be- 
cause the reductants used act effectively as 
quenching agents for luminol radicals [13]. In 
the case of cysteine, the catalytic oxidation of 
GSH could also be influenced because Cu(II)- 
catalysed oxidation of cysteine could proceed 
simultaneously from the start of the reaction 

1151. 
In conclusion, the ARP-catalysed luminol CL 

method provides excellent sensitivity for the de- 
termination of GSH. However, the method is 
not specific to sulfhydryl (-SH) compounds. 
Therefore, the proposed method could be appli- 
cable to the non-specific determination of 
aminothiols in analogy with the spectrophoto- 
metric method using Ellman reagent. 
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Abstract 

A new suite of 10 programs concerned with equilibrium constants and solution equilibria is described. The suite 
includes data preparation programs, pretreatment programs, equilibrium constant refinement and post-run analysis. 
Data preparation is facilitated by a customized data editor. The pretreatment programs include manual trial and error 
data fitting, speciation diagrams, end-point determination, absorbance error determination, spectral baseline correc- 
tions, factor analysis and determination of molar absorbance spectra. Equilibrium constants can be determined from 
potentiometric data and/or spectrophotometric data. A new data structure is also described in which information on 
the model and on experimental measurements are kept in separate files. 

Keywords: Equilibrium constant; Potentiometry; Solutions: Spectrophotometry 

1. Introduction 

The determination of equilibrium constants is 
an important process for many branches of 
chemistry [l]. Developments in the field of com- 
putation of equilibrium constants from experi- 
mental data were reviewed a few years ago 
[2,3]. Since that time, many more programs have 
been published, mainly so as to be able to 
use microcomputers for the computations. In 
this paper, we concentrate on the elaboration 
of potentiometric and spectrophotometric data; 

* Corresponding author. 

the most commonly used programs for solution 
equilibrium constant determination are given in 
Table 1. 

All of these programs use a least-squares ap- 
proach, the principles of which have been ex- 
pounded in detail [4]. Many programs follow 
what we may call a standard approach. In this, 
the sum of squares is minimized by means of the 
Gauss-Newton-Marquardt algorithm. The deri- 
vatives required by this algorithm were originally 
obtained numerically, but following Nagypal et 
al. [5] some programs used derivatives calculated 
analytically. The free concentrations are calcu- 
lated by solving the non-linear simultaneous equa- 

0039-9140/96/$15.00 C 1996 Elsevier Science B.V. All rights reserved 
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tions of mass balance using the Newton-Raphson lows: “perturb a small fraction of the basis set [of 
method. Potentiometric data points are weighted refinable parameters] by an increment, see the 
by formula that allows for greater pH errors in effect on the sum of squares [of residuals in pH] 
the region of an end-point than elsewhere. For and repeat in an appropriate direction to affect 
absorbance data points a relative weighting further improvement”. This sounds like some- 
scheme is used. thing akin to a simplex minimization. 

Some noteworthy exceptions are as follows. 
Minimization using pit-mapping (LETAGROP 
[6,7] and ABLET [8] families), Davidon 
Fletcher-Powell method (STEW [9]), direct 
search (EY608 [lo]), the method of steepest de- 
scent (CFTSP [ 111) orthogonal decomposition 
(CLINP [12], ELORMA [13], SIRKO [14]). MI- 
N U ITS [ 151 used regression equations of the Padt 
type. In DHMINOPT [16] there are three mini- 
mization routines and if one using derivatives fails 
the NelderMead simplex method is called auto- 
matically. Solution of the mass-balance equation 
using a bisection algorithm (CFTSP [l 11) or “an- 
other procedure which iterates by systematically 
modified increments” (MAXIPOT-F [17]) or a 
projection method due to Bugaevsky (SIRKO 
[14]). There have been attempts to make correc- 
tions for activity variation (SCOGS2a [18], 
SPECA [19]) and to use extended Debye-Hiickel 
theory (DCLET [8] and BSTAC [20], an aug- 
mented version of SUPERQUAD [21]). Refine- 
ment of stoichiometric indices is included as an 
option in POLET [22] and SQUAD84 [23]. 
ECORM [24] was a computer implementation of 
the old (pre-computer) graphical methods, as are 
KATCOM [25] and Sidrak and Aboul-Seoud’s 
program [26]. 

Perhaps the most interesting developments have 
been the two attempts to write programs that can 
handle uny equilibrium data. SIRKO [14] has a 
universal response function and a system whereby 
analytical derivatives are generated for the Jaco- 
bian. MICMAC [31] requires the programming of 
a module (MOSP) specific to a particular type of 
experimental data, but because of this numerical 
derivatives must be employed in the Jacobian. 

Our own work has had two fundamental moti- 
vations: to provide a robust program for the com- 
putation of equilibrium constants and to tackle 
the problem of model selection. Although MINI- 
QUAD [32,33] was robust, and is still being used, 
Motekaitis and Martell [30] have articulated the 
criticism, of which we were only too well aware, 
that the function minimized did not involve exper- 
imentally observed quantities directly. This was 
put right in SUPERQUAD [21], which therefore 
had the significant advantage of providing a 
statistically sounder basis for model selection. 

PKAS [27] is notably original in many respects. 
As it treats only protonation/deprotonation reac- 
tions (cf TITRA [28], TITAN [29]), it is possible 
to apply procedures that cannot be applied in the 
more general case. Thus, there are only two mass- 
balance equations in the two unknowns [L] and 
[HI, say. [L] is eliminated to leave a polynomial in 
[H] which is solved by Newton-Raphson itera- 
tion. The minimization involves some kind of 
direct search method which, unfortunately, was 
not specified in detail. The program is highly 
interactive and requires much input of chemical 
knowledge. Having said that, the authors claim 
that the program never crashes. BEST [30] also 
employs a direct search method described as fol- 

The problem of model selection arises with 
systems in which it is impossible, a priori, to state 
what chemical species will be present in apprecia- 
ble concentrations in the reaction mixtures. In 
those cases there is a need for some criteria both 
to determine whether or not the computed equi- 
librium model is satisfactory in a chemical sense 
and to see if the calculated data points agree with 
those observed, within experimental error. We 
have discussed these criteria previously [21]. What 
emerges from the analysis is that the expectation 
value for the sample variance will be unity if, and 
only if, a weight matrix is used that is the inverse 
of the variance-covariance matrix of the experi- 
mental data [4]. 

Now, in order to help with the model selection 
process, it seems a good idea to make use of more 
than one kind of measurement simultaneously on 
the same set of reaction solutions. We therefore 
have developed HYPERQUAD, which can deter- 
mine equilibrium constants from both potentio- 
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Computer programs used for calculating equilibrium constants from potentiometric (V) and spectrophotometric (A) data 

Program Ref 

ABLET PI 
ACBA 1551 
ACREF3AM 1561 
AP 1571 
Asuero et al. 1581 
BEST [301 
BSTAC 1201 
CFTSP [I 11 
CLINP 1121 
DALSFEK [591 
DCLET PI 
DCMINOPT Lb01 
DHMINOPT [I61 
ECORM 1241 
ELORMA [I31 
EQNMR [611 
ESAB2M [Ql 
EY608 [lOI 
HYPERQUAD [341 
HYPNMR [361 
KATCOM 1251 
LETAGROP-SPEFO [61 
LETAGROP-VRID [71 
LITRA [631 
LOCMIN [641 
MAXIPOT-F [I71 
MICMAC [311 
MINIGLASS [651 
MINIMIX [661 
MINIQUAD 1321 

Data typed 

A 
V 
V 
V 
A 
V 
V 
A 
A 
V, A 
A 
A 
V 
V 
A 
N 
V 
A 
V. A 
N 
V 
A 
V 
A 

V 

G 0’2 P, NJ 
V 
A 
V 

Program Ref. 

MINIQUAD 1331 
MINISPEF 1671 
MINUITS [I51 
MUCOMP 1681 
MUPROT 1691 
Nievergelt 1701 
NONLINIS 1711 
Papanastasiou and Zogas 1721 
PHODEC 1731 
PKAS 1271 
POLET 1221 
PROTAF 1741 
PSEQUAD 1751 
SCOGS2a [I81 
SCOGS2b [761 
Sidrak and Aboul-Seoud Pi 
SIRKO iI41 
SPECA [I91 
SPECFIT 1771 
SPFAC 1481 
SQUAD 1781 
SQUAD84 I231 
STAR 1521 
STBLTY 1791 
STEW 191 
SUPERQUAD 1211 
TITAN I291 
TITFIT 1801 
TITRA 1281 
Wentworth et al. 1811 

Data type” 

V 
A 
V 
V 
V 
A 

V, A 
V 
A 
V 
V 
V 

V, A 
V 
V 
V 

G (Cl 
A 

A (E) 
A (E) 
A 
A 
A 
V 
V 
V 
V 
V 
V 
A 

* Additional data types used in calculations: E, ESR; C, Calorimetry; G, general; N, NMR; P, Polarography. 

metric and spectrophotometric (absorbance) data. 
However, working simultaneously on different 
kinds of data makes it imperative that a full, 
rigorous weighting scheme is used. Only when this 
is so will it be possible to apply simple statistical 
tests for the goodness of fit, with an expectation 
value of unity for the sample variance. In order to 
implement this procedure we have developed a 
new means of estimating the error in a measure of 
absorbance. 

We have previously outlined the main features 
used in the HYPERQUAD program [34]. Since 
that publication, we have developed a suite of 
inter-related programs which are directed towards 
data preparation, preliminary model exploration, 
simulation and preparation of speciation dia- 

grams. Together these programs provide almost 
all the facilities which have previously been used 
on an ad hoc basis in the process of mode selec- 
tion. The one exception is that we have not explic- 
itly included an electrode calibration program. 
We assume that electrodes will be calibrated by 
means of a strong aciddstrong base titration, 
which HYPERQUAD can handle. MAGEC [35] 
is a program designed for electrode calibration. 

Another set of programs in the HYPERQUAD 
suite, HypNMR, is described elsewhere [36]. The 
principal program in that set can be used to 
determine equilibrium constants from NMR 
chemical shift data. It is assumed that the species 
in equilibrium are in rapid exchange on the NMR 
time-scale so that each value of chemical shift is 
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the concentration-weighted average of the shifts 
of the individual species. 

2. The HYPERQUAD suite of programs 

2.1. The data structure 

It became clear very early on that the treatment 
of different kinds of experimental data logically 
required a well defined data structure. Previously 
all programs had used a single file for all the data. 
With a suite of programs, however, the data files 
serve as input to different procedures and must 
therefore be standardised. Conceptually there are 
four kinds of data file as follows. 

(i) A model file. This file contains only the data 
relevant to a chemical model, viz. the names of 
the reagents, the equilibrium constants defined by 
initial value and stoichiometric coefficients, keys 
to indicate refinable quantities and whether or not 
a species absorbs light. In addition, our model file 
may hold the wavelengths at which measurements 
were made and any known molar absorbances. 
The model files are given the extension PAR. 

(ii) Potentiometric data file. We have Instru- 
ment Potentiometric Data (extension IPD) and 
Program Potentiometric Data (extension PPD) 
files. The former are ASCII data files such as may 
be produced by an automatic titrator whilst the 
latter are suitable for HYPERQUAD. There is a 
facility in the data editor (HEDIT) for converting 
IPD to PPD. The PPD file contains the conditions 
(total amounts, burette concentrations, etc.) of a 
titration curve as well as the titration data (vol- 
ume added, e.m.f. of pX measurement). 

(iii) Spectrophotometric data. Instrument Ab- 
sorbance Data (extension IAD) files are ASCII 
data files typically produced by a spectrophoto- 
meter, that is, they contain an absorbance spec- 
trum. Three forms are at present acceptable: 
initial wavelength and increment, followed by ab- 
sorbance values, wavelength and absorbance 
value pairs or the standard JCAMP-DX format 
[37,38]. A Base Absorbance Data (.BAD) file 
contains the concentrations, etc., used when the 
spectrum was recorded and it holds a complete 
spectrum in HYPERQUAD format. A Program 

Absorbance Data file (extention PAD), on the 
other hand will contain absorbance data at wave- 
lengths selected in the HydraSP program, and 
may hold data in the form of a spectrophotomet- 
ric titration curve of batch data. 

(iv) Output files. These are files produced dur- 
ing the computations. For example, HYPER- 
QUAD produces a standard output file 
OUTPUT.RES which may be used in post-run 
processing of the results of a computation by 
means of the program HANDOUT. 

The fact that the model files do not hold exper- 
imental data is a great advantage. For example, it 
means that one model file may be used with 
different data sets without the duplication that 
would have arisen with, say, SUPERQUAD [21]. 
Furthermore, the model file serves as input to the 
speciation program HYPHEN where experimen- 
tal data are irrelevant. Other ways in which the 
data structure is advantageous are in the determi- 
nation of end-points (program HENNA) where 
the model is irrelevant and in factor analysis 
(program HydraSP), where again the model is 
irrelevant. 

2.2. Linking potentiometric and 
spectrophotometric data 

Each titration curve or experimental spectrum 
is assigned a unique label. Absorbance Data files 
carry a second label which may or may not be the 
same as the label of a potentiometric data file. If 
this second “corresponding to” label is the same 
as one in the potentiometric data file then the 
concentrations, etc., are taken from that file. In 
this way, it is possible to process either potentio- 
metric or spectrophotometric data on its own, or 
to process them together. 

HYPERQUAD is distributed with a large num- 
ber of specimen data files. Also, there is a set of 
template files which can be used for entering new 
data. 

2.3. The HYPERQUAD data editor 

The HYPERQUAD data editor HEDIT is de- 
signed to make data entry as chemist-friendly as 
possible. In fact, when this facility is used as 
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standard, users will not need to know how the 
data are actually stored in the data files. The data 
present in a model file (PAR), a potentiometric 
and/or spectrophotometric data file (PPD, BAD 
or PAD) are offered for editing in an intelligible 
form, i.e. reagents are identified by the names 
specified in the model file, quantities and concen- 
trations are clearly labelled as such, and so forth. 

There are two limitations at present to the type 
of data that may be handled in HEDIT. No more 
than two electrodes are allowed. Few people have 
made measurements using two electrodes, and 
no-one (at least to our knowledge) has yet made 
measurements using more. The maximum number 
of reagents is determined by screen resolution and 
is 12 at present. Otherwise, if the amount of data 
is more than can appear at one time on the screen 
there are screen-paging options. One great advan- 
tage of using HEDIT is that the user does not 
require any instructions on how to imput data to 
HYPERQUAD, although specifications are in- 
cluded in the documentation should anyone prefer 
to use a text editor. 

In addition to being able to process Program 
data files, the data editor can convert Instrument 
data files to Program form. Also, if a BAD file 
corresponds to a single species in solution, this 
can be input into the model file in the form of a 
set of molar absorbances. For example, the spec- 
trum of a metal ion could be recorded and trans- 
ferred into the model file as just described. This is 
possible because the BAD file holds the concen- 
tration of the species which give rise to the spec- 
trum, thus permitting the calculation of molar 
absorbance from the measurements. 

2.4. The programs JOIN and SUPPER 

JOIN is a utility. program that links the data 
from more than one titration curve into one data 
file. We have kept this as a separate program, 
rather than include the option in HEDIT, for this 
reason. The experimental data for any one titration 
will be stored in a file which is the primary record 
of the experimental data. Files containing data 
from more than one titration curve are secondary 
sources of data. SUPPER will take SUPERQUAD 
[21] data and convert it into PPD form. 

2.5. Thr pvogrurn Hubrr 

This program is concerned with the estimation 
and treatment of errors in absorbance measure- 
ments. It is well known that errors in absorbance 
measurements may depend on the absorbance 
value. For example. when using a photomultiplier 
the signal error is often assumed to be propor- 
tional to the signal value. However, it is also clear 
that the magnitude of errors will depend on in- 
strument settings. Therefore, we have devised a 
scheme whereby the error can be expressed as a 
simple empirical function that can be incorpo- 
rated in a model file. 

First it is necessary to collect a number of 
spectra obtained under identical conditions. This 
means that not only must the instrument condi- 
tions be the same but also the spectrum must not 
vary with time. We prefer to use solid samples 
such as doped glass filters for this purpose. Sup- 
pose n spectra have been obtained; we suggest 
n = 9 as a minimum. Then the abosrbance value is 
given by the mean of the n measurements and an 
estimate of the error at that absorbance value is 
given by the standard deviation of the n measure- 
ments: 

C Aj 
A = , = I .,I 

n 

The Values of sA are plotted on the screen as a 
function of A and the whole set of data is approx- 
imated by a simple four-parameter function. The 
first parameter specifies the function type, either 
quadratic or exponential. For a quadratic func- 
tion we have E = a + bA + CA’ and for the expo- 
nential function E = u + be”“. The values of the 
parameters a, b and c may be adjusted interac- 
tively. It is possible to set one or more of these 
parameters to zero if that is required. 

It may be noted that there is no attempt made 
to allow for the correlation that undoubtedly 
exists between the errors at different wavelengths 
in the same spectrum. Some evidence for this 
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correlation will be seen in the plots of sA against 
A in the form of two values of sA for some values 
of A: there is one value when the absorbance 
curve has a positive slope and another when it has 
a negative slope. In any case one would normally 
choose an error function that passes through the 
middle of the data. We have taken the view that 
since the weights are only approximate, it is not 
worth correcting for correlation of errors. 

The four parameters of the chosen error func- 
tion are then entered into a model file. It is 
possible to have a different error function at each 
wavelength (thus allowing for the use of different 
detectors at different wavelengths) or that the 
error function is the same at all wavelengths. 

In a HYPERQUAD calculation, the error at 
each absorbance value is calculated automatically 
from the error function in the model file and this 
is used to construct an approximate varianceeco- 
variance matrix for the absorbance measurements, 
from which the weights are derived. (see below) 

2.6. The program HydrupH 

This program takes as input a model file and a 
program Potentiometric Data file and is to be 
used for preliminary examintion of potentiometric 
data. The program offers 10 facilities. Six of these 
relate to presentation of the experimental data on 
the screen, i.e. e.m.f. or pH on the y-axis, volume, 
pH or a user-defined coordinate on the x-axis. 
Then there are species distrubution plots both as 
formation percentages relative to the total concen- 
tration of one reagent and as logarithms of con- 
centration. 

At least two programs have been already pub- 
lished concerning the simulation of titration 
curves, ESTA [39] and SCALP0 [40]. We have 
included the interactive simulation of the titration 
curve(s) in HydrapH. In this, data in the model 
file may be amended in any way desired and either 
the calculated/observed titration curves are dis- 
played or the difference (observed pH - calcu- 
lated pH). It does not matter if the experimental 
readings are in mV or pH units. In parallel with 
the changes in the simulated titration curve there 
will also be changes in the speciation diagrams. 
Thus, it is possible to make a thorough prelimi- 

nary analysis and ascertain both that the model is 
reasonable and that all the species postulated to 
be present and are in appreciable concentrations. 

2.7. The program Henna 

This is another program for the preliminary 
analysis of potentiometric data, concerned with 
end-point determination. The traditional methods 
used for end-point determination have limitations. 
Gran’s method [41] fails for overlapping end- 
points [42]. First-derivative methods fail if the 
data are relatively sparse. For these reasons, we 
have developed a new algorithm in which the 
titration curve is fitted, by the method of least 
squares, by B-spline functions. A derivative of the 
B-spline function is used to determine the position 
of the end-point (maximum slope in the first 
derivative, zero in the second derivative, etc.). A 
similar procedure has been used to fit spectra [43]. 
For the purposes of the present application, the 
user needs to make only two choices: first the 
derivative required, the degree of the spline func- 
tion being automatically chosen so that the 
derivative is a quadratic spline function, and sec- 
ond the number of B-spline pieces. These choices 
are made interactively. Optimal knot positions are 
determined automatically by repeated use of pro- 
cedure called NEWNOT [44] and the observed/ 
calculated titration curves are displayed along 
with the residuals and the desired derivative. After 
the user has indicated the approximate position of 
the end-point to be determined, its optimum posi- 
tion is calculated. 

The only problem with this method arises when 
the number of data points in an interval between 
knots becomes equal to the degree of the spline 
function. In that case the calculated titration curve 
passes exactly through the observed data points, 
usually with wild oscillations. Since this does not 
normally happen near an end-point, it is not a 
serious problem for end-point determination. 

2.8. The program HydraSP 

This is the main program to be used for prelim- 
inary analysis of spectrophotometric data. It takes 
as input a model file and up to 28 spectra in the 
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form of BAD files. It offers five main facilities, as there is a separate facility for the calculation of 
follows. the molar absorbances at all wavelengths. 

(i) Scaling and correction of data. Spectra can 
be scaled to equal concentration and path length 
in order to reveal isosbestic points. Scaling to 
equal areas can be used for the same purpose and 
will reveal isosbestic point in some circumstances 
where the simple scaling does not do so [45]. 
There is an offset facility which can be used to 
remove some baseline errors from the spectra. It 
works as follows. Assuming that the absorbance 
at the nth wavelength, i,,,, can be written as 

AL,, = 1 1 t‘,,, ICI + B 
/ 

(iii) Trial and error fitting. This is similar to the 
facility in HydrapH. It works at a single wave- 
length, which is first chosen interactively. The 
procedure works as follows. The species concen- 
trations are calculated from the model and the 
experimental conditions. These concentrations (c, 
above) are then used to determine the molar 
absorbances at the chosen wavelength, from the 
Beer-Lambert law by weighted linear least 
squares. The weights are chosen as l/(ab- 
sorbance)2 so as to minimize the sum of relative 
errors (another weighting scheme may be used in 
HYPERQUAD). 

where B is a constant baseline error, it follows 
that if the absorbance at one wavelength, /i,,. is 
subtracted from data at all wavelengths the Beer- 
Lambert law will still be obeyed but a constant 
baseline error will have been eliminated: 

AT.,? - A,+ = 1 c (c.,,, - E, ,,,, k, 
I 

The penalty for using this facility is that the molar 
absorbances are composite but if & is chosen in a 
region where there is little absorbance this will be 
of little significance. Therefore, we recommend 
that spectra be recorded if at all possible with 
data near the true baseline. To make our proce- 
dure more robust we use a smoothed value for the 
absorbance to be subtracted. 

(iv) Calculation and display of the molar ab- 
sorbances at all wavelengths. This calculation pro- 
ceeds in the same manner as in (iii), but at all 
wavelengths. The calculated spectra may be stored 
in ASCII form for plotting by another program, 
such as EXCEL or ORIGIN. This calculation is a 
particularly useful check on the validity of a 
chemical model. Indeed, one would be loath to 
accept any model for which the calculated spectra 
of the absorbing species were unreasonable, as, 
for example, when they had many negative values. 

(ii) Selection of wavelengths for HYPER- 
QUAD calculation. This is an interactive proce- 
dure so that the user can choose those 
wavelengths most suitable for the calculation. 
Now, in principle, data at one wavelength are 
sufficient for the purpose of calculating equi- 
librium constants. One would seek that wave- 
length which exhibits the maximum change in 
absorbance with changes in the experimental con- 
ditions. Choosing some points on either side of 
this will help to reduce the effect of noise in the 
spectroscopic data. However, if different species 
absorb in different parts of a spectrum, it may be 
very useful to include data from the different 
zones. We recommend that relatively few wave- 
lengths are used for a HYPERQUAD calculation; 

(v) Factor analysis. Factor analysis was first 
introduced in this field by Kankare [lo]. Since 
then, Zuberbiihler and co-workers have developed 
the concept of Evolving Factor Analysis (EFA) 
[46,47], which they also describe as model-free 
analysis of spectrometric data. A similar ap- 
proach, called “self-modelling curve resolution in 
studies of spectrometric titrations”. has also been 
published [48]. There is no doubt that factor 
analysis has the potential to be very useful in 
studies of equilibria, but in practice it is not easy 
to apply. 

The basis of the application of factor analysis is 
the Beer-Lambert law, implying that the total 
absorbance at any wavelength is a linear combi- 
nation of the absorbances due to a few factors. 
When the number of (multi-wavelength) observa- 
tions exceeds the number of factors, it is possible 
to smooth the data by back transformation using 
the correct number of abstract factors, as was 
done in CLINP [12]. However, it is not generally 
appreciated that this process is based on the 
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method of least squares. Indeed, the eigenvalues 
calculated in factor analysis are nothing other 
than the Langrangian multipliers of a constrained 
least-squares problem. Therefore. the application 
of factor analysis in equilibrium studies can be 
seen as another application of the method of 
least-squares. 

We have used singular value decomposition of 
the matrix of absorbance values, A, to derive the 
eigenvalues and eigenvectors of A ‘A. This proce- 
dure eliminates the accumulation of errors inher- 
ent in the matrix multiplication. A variety of 
statistics are provided for 1, 2. . , eigenvalue 
models as suggested by Malinowski and Howery 
[49]. With the aid of these statistics, it should be 
possible to deduce the number of light-absorbing 
species present in the equilibria. 

The difficulty with factor analysis is that the 
relationship between the eigenvalues and the ex- 
perimental errors is an implicit one. It is therefore 
difficult to establish criteria to determine if a 
small eigenvalue is effectively non-zero. Conny 
and Meglen [50] have made an analysis of the 
effects of experimental noise on the calculated 
eigenvalues, but their conclusions are not very 
precise. 

As far as Target Factor Analysis is concerned, 
we see no value in this technique, given that it is 
possible to perform a full equilibrium analysis. 
The idea is as follows. Suppose that there are n 
species to be considered. Then the first n eigenvec- 
tors are the abstract factors. To convert them into 
molar absorbances, a large rotation matrix must 
be found. The rotation matrix has too many 
variables to be determined correctly, but some 
progress can be made by, for example, imposing 
the condition that molar absorbance must be 
positive. This will establish ranges for the molar 
absorbances. The technique was first described in 
1974 [51]. 

By contrast, EFA may be useful as long as one 
remembers that one is dealing with abstract 
fators. A careful reading of the original papers 
[46,47] will reveal that key words such as “spe- 
cies” and “concentration profiles” are written in 
quotation marks, as here. 

2.9. The prograwl H~~pAen 

This program is different from the other pro- 
grams in the HYPERQUAD suite in that it does 
not require experimental data. It can be used to 
simulate titration curves or to give species distri- 
bution diagrams for a wide variety of conditions. 
Thus, it is a speciation program limited to homo- 
geneous equilibria in solution. There is a large 
literature referring to speciation programs which 
we feel is inappropriate to be discussed here. 
Suffice it to say that the core of the program is the 
solution of the equations of mass balance by the 
Newton-Raphson method. This is a sub-problem 
as far as HYPERQUAD is concerned, so we use 
the same routines in Hyphen as are used in HY- 
PERQUAD. The model used for these calcula- 
tions is in a PAR file, but the conditions are 
stored separately in scratch files that serve merely 
to allow one to start again where one left off 
before. 

In addition, Hyphen has the facility to calculate 
the species’ concentrations at a single data point 
defined by knowing, for each reagent, either the total 
concentration or the free concentration (e.g. pH). 

2.10. The program H YPERQ UAD 

As far as potentiometric data are concerned, 
the algorithm used in the HYPERQUAD is virtu- 
ally the same as in SUPERQUAD [21]. Thus the 
new mathematical features are concerned with the 
treatment of spectrophotometric data or with the 
simultaneous treatment of both potentiometric 
and spectrophotometric data. There are signifi- 
cant differences between the present version of 
HYPERQUAD and that described in a prelimi- 
nary account [34]. These arose out of the need to 
apply a rigorous weighting scheme to the data. 
The following outline is presented in terms of a 
relatively simple system of potentiometric mea- 
surements using an electrode responding to the 
hydrogen ion and absorbance measurement at nl 
wavelengths; there are three reagents, M, L and 
H, and nk equilibrium constants. 

The objective function is given in matrix nota- 
tion simply as U = Y TWr, where r is a vector of 
residuals, r = 01ObSerred _ ycalculated), ~,obServed repre- 
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sents a measurment in mV, pH or absorbance and 
W is a matrix of weights. The residuals are or- 
dered with potentiometric first and absorbance 
second. To minimize the objective function, we 
use the Gauss-NewtonMarquardt method sum- 
marized by the system of normal equations 

(J=WJ+ /iD)Ap = J=Wv 

where J is the Jacobian matrix and Ap is a vector 
of shifts to be applied to the parameters. D is 
taken as equal to the diagonal elements of JTWJ 
and /z is the Marquardt parameter which may, of 
course, be zero. The method requires that the 
parameters be given initial values; these may be 
obtained with the aid of HydrapH or HydraSP. 

The elements of the Jacobian relative to any 
unknown parameter p are obtained from the 
defining equations, the modified Nernst law (ionic 
charges are omitted for simplicity of notation): 

E = EO +f!$ ln[H] 

and the Beer-Lambert law: 

= [Ml + c ~k~k 

is the equation for reagent M; similar equations 
may be written for L and H. Moreover, the total 
concentration TM is obtained from the initial 
amount nM, burette concentration uM, initial vol- 
ume 2?0 and added volume u. Thus the three 
mass-balance equations are 

nM + u’+, 

vo + v 
= [Ml + c PkCk 

k = I,krz 

s = LLl + k =;, qkck 
‘0 n 

k 

nH + uaH 

u() + c’ 
= [H] + 1 Y&k 

k = I .nk 

These are solved by the NewtonRaphson 
method and the normal equations matrix is used 
to derive Z[H]/ap, as described earlier [34]. Other 
Jacobian elements such as (?E/t?E’, ZE/& and 6E/ 
~?a are easy to derive. When quantities such as E” 
are refined they are termed dangerous parameters. 
Now, with these equations the Jacobian for one 
data point can be constructed, as in the following 
example applicable to a system with one elec- 
trode, na absorbing species, nl wavelengths, nk 
equilibrium constants and nd dangerous parame- 
ters, denoted by CI,, . . ., cl,& Note that we further 
assume here that there is a molar absorbance for 
each species at every wavelength. 

0 . 

i?A, - . . ^I 
Oh.1 
0 ” 

. . 

0 0 . . 0 . . . 0 

aA, o 
.  

0 0 . . . 
d&l .?I<, 
0 i?A? c?A, 0 - . . . - . . 

In addition, the system is subject to the con- 
straint that the equations of mass balance are 
satisfied. 

TM = WI + c P/&k[MIPk[LIYk[Hlrk 
k= I.nk 

. . 

. . . 

. . . 

2E 

. 

. . 

At this point the normal equations matrix 
JTWJ and right-hand side JTWr can be built up 
by accumulation. To do this we use the factored 
weight matrix, W= w ‘w. First the Jacobian and 
residual are left-multiplied by the factor and then 
the normal equations are accumulated as 
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(wJ)r(wJ) and (wJ)r~r. This process destroys the 
block-diagonal structure’ that was previously de- 
scribed for the normal equations matrix [34]. The 
normal equations that result have the dimensions 
of ELI x nl+ nk + nd. It is obvious that the num- 
ber of wavelengths, nl, should not be large, other- 
wise the normal equations become large and 
hence slow and difficult to solve. 

Solution of the normal equations provides 
shifts for all the parametes. However, the shifts on 
the molar absorbances are not used. Instead, the 
equilibrium constants and dangerous parameters 
are updated with the shifts and the molar ab- 
sorbances are calculated using the updated values 
by linear least-squares applied to the Beer-Lam- 
bert law. In this procedure we follow what ap- 
pears to be standard practice going back to 
LETAGROP-SPEFO [6]. However, some au- 
thors have applied a non-negativity constraint to 
the molar absorbances (SPECA [19], STAR [52]). 
We have not done this because we believe that a 
negative molar absorbance is a good indicator 
that something is wrong with the chemistry. 

To understand how a negative molar ab- 
sorbance, Ebb, can arise we must write out the 
Beer-Lambert law in full: 

AL = I 1 +P,[M~[L]‘li[H]‘;~ 
, = I ,I?<, 

Since the molar absorbance is multiplied by the 
equilibrium constant, this expression shows that 
we can expect the molar absorbances to be highly 
correlated with the equilibrium constants so that a 
small error in the latter can easily lead to a 
negative value in the former. Thus, negative molar 
absorbances indicate that the calculated equi- 
librium constants are in error. 

The high correlation between molar ab- 
sorbances and equilibrium constants is masked, 
but not eliminated, by the two-stage refinement 
process. It is a central problem in the determina- 
tion of equilibrium constants from spectrophoto- 
metric data that can only be resolved by good 
experimental design, The calculation of all molar 

’ The normal equation will have the block-diagonal struc- 
ture if a diagonal weight matrix is used. but no special 
provision is made for this eventuality. 

absorbances with the aid of HydraSP may reveal 
negative values at wavelengths not used in a HY- 
PERQUAD calculation, so that it would be good 
practice to calculate all molar absorbances as a 
check on the results of a calculation based on 
selected wavelengths. 

2.11. Culcuhtion of the jiee concentrations 

The equations of mass balance can be written 
in the most general form as (i = 1, nr) 

T, = [X,1 + 1 qrdk n [XjP k = I .lIk i = t,ur 
where [Xi] represents the free concentration of the 
ith reagent. When the equilibrium constants, p, are 
“known”, we have a system of nr non-linear 
simultaneous equations in nr unknown free con- 
centrations. When these equations have been 
solved, the concentrations of all the species present 
in the equilibria will be “known”. The solution of 
these equations is therefore required whenever we 
require the concentrations of the species, in HY- 
PERQUAD, Hyphen, HydrapH and HydraSP. 
The calculation proceeds in two stages. First esti- 
mates must be made of all the free concentrations. 
Then these estimates are refined by Newton- 
Raphson iteration. Finally, the refinement must 
be terminated with a suitable criterion. 

At the first point in a titration curve, or with 
batch data, we obtain first estimates by use of a 
modified NewtonRaphson technique with 
damping as suggested in the program ES4EC [53]. 
The modification is drastic: we set all off-diagonal 
elements of the Jacobian to zero, and improve 
each free concentration in turn. Subsequent points 
in a titration curve can utilise the last values 
calculated for the initial estimate. In the HYPER- 
QUAD calculation some improvement in the ini- 
tial estimate can be made on the second and 
subsequent iteration cycles. To illustrate this, con- 
sider the free hydrogen ion concentration at the 
jth point in a titration curve at the kth iteration 
cycle, ‘[HI,. A better estimate than “[HIi._, (the 
concentration at the previous point in the titration 
curve) of this quantity is given by postulating that 
the slope relating to the free concentration is the 
same in the two iteration cycles, i.e. ‘[HI, - 
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‘[HIi ~ , = k ~ ‘[HI, - ’ - ‘[HI, ~ , . The time saved 
by improving the initial estimates of free concen- 
trations is worthwhile as this calculation is the 
most time-consuming part of a HYPERQUAD 
calculation. 

tions are calculated to a relative precision of 
better than 1 part in 10”. 

2.12. Calculution of weights 

When it is known that the data points are In the “automatic” weighting scheme, the cal- 
equally spaced, as in Hyphen, the calculation can culation of weights requires estimates of the errors 
be speeded up by a simple extrapolation technique on e.m.f., volume and absorbance. The last- 
[54]. We have found that quadratic extrapolation named are derived from the empirical error func- 
works very well: [Xl, = [Xl, _ 3 - 3[X], ~ 2 + 3[x],-, tion determined by the program HABER. Then, 

A serious problem can arise during a refinement still assuming one electrode and nl wavelengths 
if one or more of the equilibrium constants be- and assuming that the potentiometric and absorb- 
comes negative. We allow this to happen as expe- rice data derive from a titration curve the vari- 
rience has shown that the “offending” constant anceecovariance matrix, h4, for a single point is 
may return to being positive later in the refine- given by the “rigorous” method of least squares 
ment. However, when an equilibrium constant is to be [4]. 

A2 
. . . A,,, 

A2 

symmetrical 

negative, there is no guarantee that all the free 
concentrations can be positive. (The condition is 
guaranteed by the existence of a unique free en- 
ergy minimum at equilibrium when all the equi- 
librium constants are positive.) Now, we impose a 
non-negativity constraint on the free concentra- 
tions, as do most others, if for no other reason 
that we wish to take logarithms of free concentra- 
tions. Therefore, it can happen that the free con- 
centration calculation may fail to converge. When 
this happens, we return to the main minimization 
routine and reduce the length of the shift vector 
for the equilibrium constants. 

We attempt to satisfy the conditions of mass 
balance as nearly as is possible within machine 
accuracy. As double precision arithmetic is used 
throughout this means that the free concentra- 

The parital derivatives dE/& and c?A/i?t’ re- 
quired for the above formula are estimated from 
the observed data by means of piece-wise fitting 
of a seven-point cubic polynomial (simpler esti- 
mates are used for the first and last three points). 
We note that in SIRKO [14] the derivatives are 
obtained from the calculated values by analytical 
differentiation, but the authors remark that the 
weight should then be recalculated at every refine- 
ment cycle. The weight matrix, W, would be the 
inverse of M, but it is not actually calculated. 
Instead we perform a Choleski factorisation, M= 
mTm and invert the lower-triangular factor, m, to 
obtain the weight matrix factor, w, such that 
W= w ‘rv. The lower triangle of this factored 
matrix is stored in a single-precision one-dimen- 
sional array in order to conserve computer mem- 
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ory. Other weighting schemes are available. Diag- 
onal weights may be used if the automatic scheme 
requires too much memory. Diagonal weights 
would be invoked automatically with batch as 
opposed to titration data. 

For spectrophotometric data the alternative 
function 

may be minimized by means of the use of another 
weighting scheme. To see how this comes about, 
we derive the ith unit-weighted least-squares nor- 
mal equation in the usual manner [4] as 

; c J,,J,,Ap, = 1 Jk, dA, 
/ k A ;Ihs 

The elements of the Jacobian, J, are given by 

where p, is a refinable parameter. When this ex- 
pression is substituted into the normal equation 
we obtain 

Thus, setting the weights as W, = (l/A;‘“)’ and 
minimizing the sum of squared residuals is equiv- 
alent to minimizing the sum of squared relative 
residuals with unit weights. However, when this 
weighting scheme is used it is not possible to give 
an expectation value for Cr. 

2.13. The program Handout 

The HYPERQUAD program produces a stan- 
dard file, OUTPUT.RES, which contains all the 
useful information that was generated during the 
equilibrium constant refinement(s). The program 
HANDOUT has four main functions. Two of 
these relate to viewing the results on screen or 
dumping selected items to a printer. The third 
allows the model file to be updated with the 
refined values for the equilibrium constants. 

Lastly, there is a facility for drawing species distri- 
bution diagrams. These diagrams, which perforce 
relate to the experimental conditions, can be an- 
notated by an interactive process involving the 
mouse, and the final diagram sent to a file. In that 
case, Hewlett-Packard (HP) Graphics Language is 
used so that the file may be dumped to an HP- 
compatible plotter or laser printer or imported 
into Word or WordPerfect as a picture. 

2.14. Programming details 

All programs were written in FORTRAN and 
compiled with MS FORTRAN 5.0 or 5.1 for an 
AT-style PC. They also appear to function cor- 
rectly in a DOS window under Windows 95. They 
assume the presence of a Microsoft-compatible 
mouse, VGA graphics and a maths coprocessor. 
For HYPERQUAD there are no formal restric- 
tions on the data. All arrays are dimensioned at 
run-time. This is achieved by first making a 
dummy pass through the data files to count all the 
quantities needed for the allocatable arrays. The 
arrays are then allocated and the data are read in. 
A similar system is used in HEDIT and most of 
the other programs. Thus, the only restriction on 
the data is imposed by the amount of memory 
available. It is our intention in the near future to 
recompile the programs with a 32-bit compiler; 
that will effectively remove all restrictions on 
data. Some restrictions may still remain that are 
imposed by what can be placed on the screen at 
the same time. but important screens, such as the 
one that shows the equilibrium constants, are 
already paged. 

HYPERQUAD has been on beta release 
(mostly in Italy) for more than a year. All pro- 
grams are fully documented. It has to be stated 
that we have encountered occasional difficulties 
with installation that we suspect are due to the 
use of non-standard mouse and keyboard routines 
(non-standard only in the sense that the routines 
are not in the compiler library). 

3. Discussion 

HYPERQUAD is different from all programs 
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that have been written before, in this field, in that 
it is not a single program but a suite of inter-re- 
lated programs. This has been made possible by 
the developement of an associated data structure 
so that the HYPERQUAD programs access a 
common set of data files. By dividing the data 
conceptually into data relating to a model and 
data relating to experimental measurements of 
different kinds, it becomes possible to perform 
operations that were not possible before. For 
example, the model file can be used alone in the 
program Hyphen to simulate titration curves, that 
is, to find good experimental conditions, and then 
together with experimental data in the HYPER- 
QUAD calculation. It is also possible that a 
model file which was designed for use with the 
program HypNMR [36] can be used in the simu- 
lation program Hyphen. 

Within the suite there are many novelties. An 
important one is the idea of deriving an empirical 
function to relate the error on a spectrophotomet- 
ric absorbance measurement to the absorbance 
value (program Haber). This function permits the 
construction of an approximate varianceecovari- 
ante matrix for absorbances without the need to 
estimate the error on each absorbance measure- 
ment. That matrix is essential when it comes to 
determining the weights to be given to experimen- 
tal observations in the least-squares calculation, 
particularly so when the observations may be of 
different kinds such as potentiometric and spec- 
trophotometric. 

Other new features are the creation of plot files 
in Hewlett-Packard Graphics Language for export 
to a plotter or laser printer, the use B-spline 
functions to locate end-points in potentiometric 
data, an offset procedure for coping with baseline 
errors in spectra and trial and error procedures 
for manual fitting of both potentiometric and 
absorbance data. 

In summary. HYPERQUAD provides facilities, 
in one coherent package, for doing almost all 
processing of solution equilibrium data that has 
been done in the past, using standard data files 
and standard procedures for recalling data from 
files, for editing data and for saving data to files. 
The greatest novelty of the system is its compre- 
hensive nature, with each program taking as input 

a standard model file and/or an experimental data 
file. The main difference between SUPERQUAD 
and HYPERQUAD is that the new program can 
handle spectrophotometric data in addition to 
potentiometric data. 

4. Future developments 

We do not believe that it is sensible for us to 
develop a program, such as SIRKO [14] or MIC- 
MAC [31], which claims to be able to handle any 
kind of data. Our experience has been that each 
kind of experimental data imposes certain require- 
ments that are not present with the other. Thus, 
we are not attempting to integrate HypNMR [36] 
with HYPERQUAD because the NMR data usu- 
ally consist of just single data points whereas 
HYPERQUAD is oriented towards data from 
titration curves. Likewise, we have a program 
PHAB already in an advanced stage of develop- 
ment as a separate entity. PHAB will deal with 
absorbance data at measured pH values so, unlike 
HYPERQUAD, the total hydrogen ion concen- 
tration is not known and the mass balance in 
protons is irrelevant. This imposes the need to 
calculate the free concentrations in a different 
way. The HYPERQUAD programs are highly 
modular so it is relatively easy to construct a new 
program for each substantially different kind of 
data. In addition, the user interface is standard- 
ized because it is based on a set of some 70 
routines that constitute a HYPERQUAD subrou- 
tine library. 

On the programming side, we must consider 
developing a Windows version of the software. 
The main advantages will be twofold. On the one 
hand we will be able to eliminate all restrictions 
on experimental data. At present the restrictions 
arise from the fact that we are limited to 640 k 
bytes of memory for program and data; that 
restriction disappears under Windows or with the 
use of a 32-bit compiler. The program which 
suffers most from this restriction is HydraSP, 
which can take a maximum of 57 344 data points 
(up to 28 spectra, each spectrum containing 2048 
points). Second, there are restrictions imposed by 
what can be seen on the screen at any one time. 
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These restrictions can be removed by using auto- 
matically scrolling windows. 
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Abstract 

A flow injection analysis (FIA) method is presented for the simultaneous determinations of iron(III)-vanadium(V) 
and of iron(III)-chromium(V1) using a single spectrophotometric detector. In the presence of l,lO-phenanthroline 
(phen), iron(II1) is easily reduced by vanadium(IV) to iron( followed by the formation of a red iron(II))phen 
complex (A,,, = 510 nm), which shows a positive FIA peak at 510 nm corresponding to the concentration of iron(II1). 
On the other hand, in the presence of diphosphate the reductions of vanadium(V) and/or chromium(V1) with iron(I1) 
occur easily because the presence of diphosphate causes an increase in the reducing power of iron(I1). In this case 
iron(I1) is consumed during the reaction and a negative FIA peak at 510 nm corresponding to the concentration of 
vanadium(V) and/or chromium(V1) is obtained. The proposed method makes it possible to obtain both positive (for 
iron(II1)) and negative (for vanadium(V) or chromium(V1)) FIA peaks with a single injection. 

EceJjnJords: Chromium; Flow injection; Iron; Redox reactions; Simultaneous determination; Vanadium 

1. Introduction 

Redox potentials of metal ions vary upon the 
addition of a suitable ligand [l]. This phe- 
nomenon has the potential capacity for the devel- 
opment of new redox systems which are 
applicable to potentiometric titration [2-91. By 

* Corresponding author. Fax: + 81 298 536503; E-mail: 
kawasima@staff.chem.tsukuba.ac.jp 

’ Presented at the 1995 International Chemical Congress of 
Pacific Basin Societies (PACIFICHEM ‘95) in the Symposium 
on Kinetic and Mechanistic Aspects of Analytical Chemistry, 
Honolulu, Hawaii, USA, December 17-22, 1995. 

using the ligand effect, we have developed meth- 
ods for the potentiometric titration of chromi- 
um(V1) and copper(I1) with iron(I1) in the 
presence of diphosphate and/or neocuproin [lo], 
and for vanadium(V) with iron(I1) in the presence 
of ligands such as citrate, diphosphate and EDTA 
[ll]. We also showed that a redox reaction of 
iron(II1) with vanadium(IV) proceeds completely 
in the presence of l,lO-phenanthroline (phen) [12]. 
By using these redox systems, new types of spec- 
trophotometric flow injection analysis (FIA) 
methods have been developed for the determina- 
tion of chromium(V1) [13] and the simultaneous 

0039-9140/96/$15.00 Q 1996 Elsevier Science B.V. All rights reserved 
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determination of vanadium(IV) and vanadium(V) 
[14]. The aim of the present study was to develop 
simultaneous photometric FIA determinations of 
iron(III)-vanadium(V) and of iron(III)-chromi- 
um(V1) based on new redox systems in which phen 
and diphosphate participate. The present method 
is simple: it is possible to observe both positive (for 
iron(II1)) and negative (for vanadium(V) or 
chromium(VI)) FIA peaks with a single injection of 
the sample solution with a single detector. 

2. Experimental 

2.1. Reagents 

All reagents were of analytical-reagent grade and 
were used without further purification. The water 
used to prepare the solutions was purified with a 
Milli-Q PLUS water system (Millipore). 

A stock solution of iron(II1) (0.1 M) was pre- 
pared by dissolving 4.82 g of iron(II1) ammonium 
sulfate dodecahydrate in 100 ml of 0.5 M sulfuric 
acid and was standardized with EDTA. Stock 
solutions of vanadium(V) and iron(I1) were pre- 
pared as described previously [ 111. A stock solution 
of vanadium(N) (5 x lo-’ M) was prepared by 
dissolving vanadium oxide sulfate (vanadyl sulfate) 
n-hydrate in 100 ml of 5 x 1O--m2 M sulfuric acid. 
The concentration of vanadium(IV) solution was 
determined by a standard potassium permanganate 
titration. A stock solution of chromium(V1) was 
prepared by dissolving appropriate amounts of 
potassium dichromate (a primary standard) in 
5 x lo-’ M sulfuric acid. Working solutions of 
metal ions were prepared by suitable dilution with 
5 x lop3 M sulfuric acid. Ligand solutions (0.1 M) 
of phen and diphosphate were prepared as de- 
scribed previously [ 141. 

2.2. Apparatus 

A schematic flow diagram for the simultaneous 
determinations of iron(II1) and vanadium(V) and 
of iron(II1) and chromium(V1) is shown in Fig. 1. 
Two double-plunger micro pumps (Sanuki Kogyo, 
DMX-2000) and two six-way injection valves 
(Sanuki Kogyo, SVM-6M2) were used to assemble 

the system. The flow lines were made from Teflon 
tubing (0.5 mm i.d.). The absorbance change was 
measured at 510 nm with a spectrophotometer 
(Soma Kogaku, S-3250) equipped with a lo-mm 
micro flow cell (8 ~1) and recorded on a recorder 
(Chino, EB 22005). The pH of the waste solution 
was continuously monitored with a Corning Model 
12 pH/mV meter. 

2.3. Procedure 

In the flow system (Fig. l), a carrier solution of 
5 x lo-” M sulfuric acid (C), 0.1 M acetate buffer 
solution in reservoir R,, a mixed solution of vana- 
dium(N) (5 x lOme M) and iron(I1) (5 x lo-’ M) 
in reservoir R, and 1 x lop3 M phen solution in 
reservoir R, were pumped at a flow rate of 1.0 ml 
min-‘. A 400 ~1 volume of sample solution 
(iron(III)-vanadium(V) or iron(III)-chromi- 
um(V1)) and 100 pl of a mixture of diphosphate 
and acetate buffer solution were loaded into SL and 
RL, respectively. The sample solution and the 
diphosphate solution were injected into the carrier 
of sulfuric acid and acetate buffer streams simulta- 
neously: the former and the latter were passed 
through a 0.1 m long coil (C,) and a 1.5 m long 
delay coil (C,), respectively. By monitoring the 
absorbance of the iron(phen complex at 510 
nm, both a positive peak for iron(II1) and a 
negative peak for vanadium(V) or chromium(V1) 
were obtained with a single injection of the sample 
solution. All measurements were carried out at 
room temperature. 

Fig. 1. Flow diagram of FIA for the simultaneous determina- 
tion of iron(M) and vanadium(V) and of iron(II1) and chromi- 
um(V1). P, pump; V, six-way injection valve; C,, 0.1 m long 
coil; C,. 1.5 m long delay coil; RC,, reaction coil (0.2 m); RC,, 
reaction coil (2 m); D. spectrophotometer (510 nm); Ret, 
recorder; W, waste. Other conditions as in the text. 
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3. Results and discussion 

The conditional standard potential of the 
Fe(III)-Fe(I1) system increases in the presence of 
phen because of the formation of the iron(II)- 
phen complex, i.e. log fi3 of the iron(II))phen 
complex is higher than that of the iron(phen 
complex [15]. Hence a redox reaction of iron(II1) 
with vanadium(IV): 

KFc-\i 
Fe3+ +V02+ +H,O Z$ Fe’+ 

+VO,+ +2H- (1) 

occurred completely in the presence of phen, pro- 
ducing the iron(II))phen complex (A,,, = 510 
nm), although the redox reaction would not take 
place without phen [12]. Iron(II1) can thus be 
determined by measuring the absorbance of the 
iron(phen complex which shows a positive 
FIA signal at 5 10 nm. 

On the other hand, the presence of diphosphate 
causes a decrease in the potential of the Fe(II1)) 
Fe(H) system. In other words, the reducing power 
of iron increases owing to the presence of 
diphosphate. Thus, the reduction of vanadium(V) 
with iron( 

Fe2+ +VO,+ +2)+ Kg’ Fe’+ +V02+ 

+ HZ0 (2) 

takes place easily [l 11. The reduction of chromi- 
um(V1) to chromium(II1) with iron(I1): 

6~~2 + + cr20,2 ~ + 14H + “$ ‘-c 6Fe’ + + 2Cr” + 

+ 7H,O (3) 

also occurred completely in the presence of 
diphosphate [lo]. In these reduction reactions, the 
absorbance at 510 nm of the iron(phen com- 
plex produced in the reaction coil RC, (Fig. 1) 
decreases with increase in the concentration of 
vanadium(V) and/or chromium(V1) because of the 
consumption of iron(I1) with vanadium(V) and/or 
chromium(V1). Hence the determination of vana- 
dium(V) and/or chromium(V1) is possible from 
the decrease in the absorbance of the complex at 
510 nm. 

In the FIA system shown in Fig. 1. the baseline 
absorbance is kept constant (about 0.14) as a 

Fig. 2. Successive merging profile of the sample solution with 
reagent solutions. 

result of the formation of the iron(phen com- 
plex in RC, (2 m long). Fig. 2 shows a successive 
merging profile of the sample solution with 
reagent solutions. The phen stream merges into 
the front of a mixed sample zone and the reduc- 
tion of iron(II1) with vanadium(N) proceeds in 
RC2; a positive FIA peak for iron(III) appears. 
The diphosphate zone which passed through the 
delay coil (1.5 m long) merges into the rear of the 
sample zone, and the reduction of vanadium(V) 
and/or chromium(V1) with iron(I1) proceeds in 
RC,; the appearance of a negative FIA peak for 
vanadium(V) and/or chromium(V1) follows after 
the positive peak. By monitoring the absorbance 
of the iron(phen complex at 510 nm, both 
positive (for iron(II1)) and negative (for vanadi- 
um(V) or chromium(V1)) FIA peaks are thus 
obtained with a single injection of the sample 
solution. 

3.1. Ejjkct of mriables 

The optimum conditions for the simultaneous 
determination of iron(III) and vanadium(V) were 
studied by injecting an aliquot (400 ~1) of a mixed 
sample solution of iron(II1) and vanadium(V) 
(both the iron(II1) and vanadium(V) concentra- 
tions were 2 x lo- 5 M) into the FIA system 
shown in Fig. 1. Similarly, to establish the opti- 
mum conditions for the simultaneous determina- 
tion of iron(II1) and chromium(W), an aliquot 
(400 ~1) of a mixed sample solution of iron(II1) 
and chromium(V1) (both the iron(II1) and vanadi- 
um(V) concentrations were 2 x 10 5 M) was in- 
jected into the system. The concentrations of 
iron (5 x 10W5 M) and vanadium(IV) (5 x 
10 - ’ M) in R, were selected for the procedure 
based on the previous results [14]. 
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The effect of pH on the peak height was exam- 
ined over the range 3.4-5.5 and the results are 
shown in Fig. 3. In the simultaneous determina- 
tion of iron(III)-vanadium(V) (Fig. 3(a)), the 
positive peak height for iron(II1) was maximum 
and constant in the pH range 4.8-5.5, whereas 
the negative peak for vanadium(V) gradually de- 
creased with increase in the pH of the solution up 
to 4.8, being kept constant in the pH range 4.8- 
5.5. A pH of around 5 was selected for the 
procedure because the heights of the positive and 
negative peaks were almost same at this pH. In 
the case of iron(III)-chromium(V1) (Fig. 3(b)), 
the positive peak height was maximum and con- 
stant in the pH range 4.225.5, while the magni- 
tude of the negative peak for chromium(W) was 
about three times larger than that of the positive 
peak for iron(II1) at pH around 5. The result is 
attributable to the number of electrons that took 
part in the oxidation of iron(I1) with chromi- 
um(V1). A pH of around 5 was also selected for 
the procedure. 

The effect of the phen concentration was exam- 
ined over the range 1 x 10P4-1 x lo-* M at a 
constant concentration of diphosphate (2 x 1OW’ 
M). As shown in Fig. 4(a), both the positive and 
negative peaks for iron(II1) and vanadium(V) 
rapidly increased with increasing phen concentra- 
tion, and were almost constant at phen concentra- 
tions higher than 3 x lop4 M. Similarly, in the 
case of iron(III))chromium(VI) (Fig. 4(b)), both 
the peaks for iron(II1) and chromium(V1) were 

006 6 
Fe(M) 

0.04 

1) 

3 4 5 6 3 4 5 0 

PH PH 

Fig. 3. Effect of pH on the FIA peak heights for (a) iron(W) 
and vanadium(V) and (b) iron(II1) and chromium(W). The 
broken line denotes the baseline. Other conditions as in the 
text. 

0.06 1-1 (a) 0.06 71 Ibj 

Fig. 4. Effect of phen concentration on the FIA peak heights 
for (a) iron(II1) and vanadium(V) and (b) iron(II1) and 
chromium(V1). The broken line denotes the baseline. Other 
conditions as in the text. 

almost constant at phen concentrations higher 
than 3 x 1O-4 M. The concentration of phen was 
selected as 1 x lo-’ M. 

The effect of the diphosphate concentration 
loaded into RL was examined over the range 
1 x 10P4-1 x 10W2 M at a constant concentra- 
tion of phen (1 x 10 -’ M). In the case of 
iron(III)-vanadium(V), the positive peak height 
for iron(II1) was maximum and constant over the 
concentration range examined, whereas the nega- 
tive peak for vanadium(V) rapidly increased with 
increase in the diphosphate concentration, as 
shown in Fig. 5(a). In the case of iron(III)- 
chromium(V1) (Fig. 5(b)), the peak height for 
iron(II1) was also independent of the diphosphate 
concentration, whereas the negative peak for 

‘“g(Cdiphosphaie ’ M, logccdipbo~phate ’ Mi 

(W 

Fig. 5. Effect of diphosphate concentration on the FIA peak 
heights for (a) iron(II1) and vanadium(V) and (b) iron(II1) and 
chromium(V1). The broken line denotes the baseline. Other 
conditions as in the text. 
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chromium(V1) rapidly increased with increase in 
the diphosphate concentration because the oxida- 
tion of iron(I1) with chromium(V1) should be 
favored in the presence of diphosphate. A 2 x 
10 ~ ’ M diphosphate concentration was selected. 

The effect of RC, length was examined by 
varying the coil length. Almost constant peak 
heights for iron(III) and vanadium(V) were ob- 
tained over RC, lengths of 0.1-5 m. The negative 
peak for chromium(V1) increased with increase in 
the coil length of RC, up to 1 m because the 
oxidation of iron(I1) with chromium(V1) should 
be favored with an increase in the coil length of 
RC,. A 0.2 m length of RC, was used, taking into 
account the sample throughput. 

The effect of RC, length was examined over the 
range 0.555 m. The positive peak for iron(II1) 
gradually increased with increase in the RC, 
length up to 2 m, and remained constant at RC, 
lengths of 2-5 m, while the negative peak for 
vanadium(V) gradually decreased with increase in 
the RC, length. In the case of iron(III)-chromi- 
um(VI), both the positive and negative peaks for 
iron(II1) and chromium(V1) exhibited curves simi- 
lar to those for iron(III))vanadium(V). A 2 m 
length of RC, was selected for the procedure 
because at least a 2 m length was needed to obtain 
a stable baseline. 

3.2. Culibmtion graphs and simultaneous analysis 
of synthetic mixtures 

Calibration graphs for iron(III), vanadium(V) 
and chromium(V1) were individually prepared; 
each sample solution was injected together with 
diphosphate solution into the flow system. The 
calibration graphs for iron(II1) and vanadium(V) 
were linear over the range 1 x lo-“-2 x lop5 M, 
whereas the graph for chromium(V1) was slightly 
curved over the range 1 x 10 P6-2 x lo- 5 M. The 
reproducibility of the method was satisfactory 
with relative standard deviations of 0.54, 0.82 and 
0.47% for 10 determinations of 2 x 10 ~ 5 M 
iron(III), vanadium(V) and chromium(VI), re- 
spectively. The proposed method permits the 
analysis of 30 samples h - ’ (60 peaks h ~ ‘). 

The simultaneous determinations of iron(III)- 
vanadium(V) and of iron(III)-chromium(V1) 

Table 1 
Simultaneous determination of iron(II1) and vanadium(V) and 
of iron(II1) and chromium(V1) in synthetic mixtures 

Composite sample taken Found” 
(IO-’ M) (lo-’ M) 

Fe(II1) VW) Fe(III) 
5.0 10.0 5.1 
5.0 20.0 5.1 

IO.0 10.0 10.2 
10.0 20.0 10.3 

Fe(II1) Cr(V1) Fe(II1) 
5.0 5.0 4.6 

10.0 5.0 9.8 
10.0 3.0 10.0 
15.0 7.5 14.0 

VW) 
9.7 

19.6 
9.4 

19.2 

Cr(V1) 
4.7 
4.6 
2.7 
7.1 

“Average values (n = 3) 

were carried out on synthetic mixtures by using 
each calibration graph and the results are summa- 
rized in Table 1. Typical flow signals when 
equimolar mixed sample solutions of both ions 
were injected into the FIA system are shown in 
Fig. 6. The recovery and reproducibility of the 
method were satisfactory. 

4. Conclusions 

A simple and rapid flow injection procedure is 
proposed for the simultaneous determinations of 
iron(II1) and vanadium(V) and of iron(II1) and 
chromium(V1) by using the effect of ligands on 
the redox potential of the Fe(III)-Fe(I1) system 
with a single spectrophotometric detector. The 
method can be successfully applied to the determi- 
nation of iron(III))vanadium(V) and iron(III)- 
chromium(V1) in synthetic mixtures. 
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Abstract 

A flow-injection method for the determination of glycerol in wine is described. Glycerol dehydrogenase and NADH 
oxidase were co-immobilized on poly (vinyl alcohol) beads and incorporated in a flow-injection system. The hydrogen 
peroxide produced was detected chemiluminometrically via a 1uminolLhexacyanoferrate (III) reaction. Wine was 
diluted lOOO-fold with water and sample solution (50 ~1) was injected into the carrier stream. The calibration graph 
was linear in the range 3 x lo-‘-3 x 10e4 M; the detection limit was 7 x lo-* M and the sample throughout wa’s 30 
h-’ without carryover. 

Keywords: Chemiluminescence; Enzyme reactor; Flow injection; Glycerol; Wine 

1. Introduction 

Glycerol, which is a by-product of alcohol fer- 
mentation, affects the sensory characteristics of 
wine, especially richness of taste. 

Enzymatic flow-injection (FI) methods for spe- 
cific determination of glycerol in wine have been 
developed using immobilized glycerol dehydroge- 
nase (EC 1.1.1.6, GDH) [1,2]. In this system 
a basic buffer (pH 10.0) and a high concentra- 
tion of NAD+ (10 mM) were used to shift the 
reaction equilibrium towards dihydroxyacetone 
production, since the reaction is reversible and the 
equilibrium consant [3] of the reaction [Glycerol 

* Corresponding author 

+NAD+ Z$ dihydroxyacetone + NADH + H ‘1 
is 5 x lo- 12. Co-immobilized GDH/NADH oxi- 
dase reactor, which was prepared by covalently 
bonding to CNBr-activated Sepharose 4B, was 
used in a FI system for the determination of 
glycerol in wine with a Clark-type oxygen elec- 
trode [4]. In this system, a lower pH (9.2) and a 
lower concentration of NAD+ (5 mM) were used 
because NADH oxidase (NAOD), which cata- 
lyzes the reaction in which NADH is oxidized by 
molecular oxygen to form hydrogen peroxide 
[NADH + O2 + H+ = NAD+ + H,O,], serves as 
a trapping enzyme. In spite of much experimental 
effort, the method is not very sensitive; the lower 
limit of detection was 100 PM. 

A chemiluminometric FI method has been pro- 
posed in which GDH and NAOD are separately 
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immobilized on controlled pore glass (CPG) and 
used in series under conditions of pH 9.0 and 5 
mM NAD+; the method is moderately sensitive, 
with a detection limit of 25 PM [5]. However, the 
method is unsuitable for use in routine analysis 
because CPG, used as a support for the enzymes, 
is unstable in alkaline solution [6]. An FI system [7] 
with co-immobilized glycerol kinase and glycerol- 
3’-phosphate oxidase and the chemiluminometric 
detection of H,O, with luminol has been reported 
which provides a lower sensitivity than the amper- 
ometric FI methods with an immobilized GDH 
reactor [1,2]; the lower limit of detection was 138 
PM. 

FI methods with an immobilized enzyme reactor 
are subject to interference from polyphenols and 
dyes in wines because the compounds are adsorbed 
by the reactor and the accumulation of the com- 
pounds causes the inactivation of the enzyme [8,9]. 
Sensitive detections system permit the use of the 
method without the need for tedious sample pre- 
treatment, except for dilution. This paper describes 
a chemiluminometric FI system for the sensitive 
determination of glycerol in wine with a co-immo- 
bilized GDH/NAOD reactor. A simple chemilumi- 
nometric FI system for the determination of 
glycerol can be achieved by coupling a co-immobi- 
lized GDH/NAOD reactor with a luminol chemi- 
luminescence assay for the detection for H,O,, 
since the chemiluminometric reaction was carried 
out in media buffered at pH lo-11 [lO,ll]. In the 
present system, the enzymatic reactions and the 
chemiluminometic reaction were performed in the 
same buffered solution (0.1 M carbonate buffer pH 
10.0). GDH and NAOD were co-immobilized on 
poly (vinyl alocohol) beads. GDH from Cellu- 
lomon~ls sp. [5] was used in this work and is much 
more stable than enzymes from Entrobacter aero- 
genes [1,2,4]. This method was applied to the 
determination of glycerol in wines without any 
pretreatment procedure, except for dilution. 

2. Experimental 

2.1. Reagents 

GDH (from Cellulomonas sp., 56 U mgg ‘) and 

NAOD (EC number not assigned, from Bacillus 
steurothermophilus, 55 U rng- ‘) [ 121 were obtained 
from Toyobo (Osaka, Japan) and Asahi Kasei 
(Tokyo, Japan) respectively. The activity for each 
enzyme was measured spectrophotometrically at 
340 mm with glycerol or NADH as substrate at pH 
10.0 at 38°C. 

NAD+ (free acid, 95%) and NADH (disodium 
salt, 99.5%) were purchases from Kohjin (Tokyo, 
Japan) and Boehringer Mannheim respectively. 
Glycerol was purchased from Sigma (St. Louis, 
MO). Poly (vinyl alcohol) beads (GS-520, 13 pm) 
were obtained from Showa Denko (Tokyo, Japan). 
All other chemicals, which were from Wako Pure 
Chemical (Tokyo, Japan), were of analytical- 
reagent grade. 

A stock solution (1 mM) of glycerol was pre- 
pared by dissolving in water. Standards were pre- 
pared by diluting the stock solution with 5 mM 
ethanol solution. A potassium hexacyanoferrate 
(III) stock solution (200 mM) was prepared and 
diluted tenfold with water before use. Luminol 
solution (1.2 mM luminol in carbonate buffer (pH 
10.0 comprising 0.3 M potassium carbonate/O.3 M 
potassium hydrogen carbonate) was prepared and 
allowed to stand for 2 days at room temperature 
to attain stability before use [11.13]. NAD+ solu- 
tion (1.5 mM NAD+ in 0.01 M phosphate buffer 
(pH 7.0) was prepared daily. 

2.2. Enzyme immobilization 

The beads (2.0 g) were suspended in 30 ml of 
30% chloromethyloxirane in 3 M NaOH. The 
suspension was incubated at 50°C for 1.5 h with 
shaking. The beads were allowed to react with 
concentrated aqueous ammonia (30 ml) at 40°C for 
3 h. The attached amine amounted to 3.0 meq g-’ 
of dry beads. The aminated beads were packed into 
a stainless-steel column (4 cm x 4 mm i.d.) by the 
slurry-packing method. Glutaraldehyde (2% w/v) 
in 0.05 M phosphate buffer pH 7.0 was pumped 
through the column for 40 min at 0.2 
ml min’ and then the column was washed with 
deaerated water for 15 min at 0.6 ml min-‘. 
Enzyme solution (5 mg GDH (280 U) and 5 mg 
NAOD (275 U) in 10 ml of 0.1 M phosphate 
buffer pH 7.0) was circulated through the column 
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at 0.2 ml min-’ for 6 h at 10°C. The time course 
of the immobilization process for NAOD was 
monitored by a spectrophotometer (Jasco Uvidec- 
lOO-VI) with a flowthrough cell at 380 nm. The 
immobilization yield was evaluated by the de- 
crease in absorbance. NAOD was immobilized 
with a 88% yield. The reactor was washed with 
the NAD solution and stored in a refrigerator 
when not in use. 

For the purpose of comparison, an immobilized 
GDH reactor was prepared in the same manner 
by using an enzyme solution without NAOD. 

2.3. Flow system und procedure 

Fig. 1 shows a block diagram of the FI system 
used in this work. The system consisted of four 
piston pumps (Hitachi L-6000) an injector valve 
(Sanuki SVI-6M2) equipped with a 50 ~1 loop, a 
reactor, a water bath, a luminometer (Soma S- 
3400) with a flowthrough cell (100 ~1) connected 
to a signal cleaner (SIC SC77) and a recorder 
(TOA FBR-25 1A). 

Wine was diluted lOOO-fold with water and an 

“U 

Fig. 1. Schematic diagram of chemiluminometric FI system 
for the determination of glycerol with a co-immobilized glyc- 
erol dehydrogenase/NADH oxidase reactor: (A) H,O (0.2 ml 
min’); (B) 1.5 mM NAD+ in 10 mM phosphate buffer pH 
7.0 (0.2 ml min-‘); (C) 1.5 mM luminol in 0.3 M carbonate 
buffer pH 10.0 (0.2 ml min’); (D) 20 mM potassium hexa- 
cyanoferrate solution (0.2 ml min-‘); (PI-P,) pumps; (S) 
injector with a 50 ,r11 loop; (E) co-immobilized enzyme reactor 
(4 cm x 4 mm i.d.); (WB) water bath thermostated at 30°C; 
(M) mixing coil (60 cm x 0.5 mm i.d.); (G) luminometer with 
a flowthrough cell (100 ~1); (SC) signal cleaner; (R) recorder; 
(W) waste. All connecting tubing (0.5 mm id.) was made of 
Teflon. 

I 1 R 
I  I  

A' "'- 
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Fig. 2. FI manifold for the enzyme activity measurements: (A) 
NAD+ solution (0.2 ml min’); (B) carbonate buffer (0.2 ml 
min’); (C) 20 mM potassium hexacyanoferrate solution (0.2 
ml min-‘); (D) I.5 mM luminol (0.2 ml min’) in 0.3 M 
carbonate buffer pH 10.0 (0.2 ml min’); (PI -P4) pumps; (S) 
injector with a 50 pl loop: (E) immobilized enzyme reactor; 
(WB) water bath; (V) three-way valve; (F) spectrofluorimeter 
with a flowthrough cell; (M) mixing coil; (G) luminometer 
with flowthrough cell; (SC) signal cleaner: (R) recorder; (W) 
waste. 

aliquot (50 ~1) was injected into a carrier stream. 
The results obtained by the present method were 
compared with those obtained by use of an F-kit 
(Boehringer Mannheim) with soluble enzymes, 
glycerokinase (GK), pyruvate kinase (PK) and 
lactate dehydrogenase (LDH), and co-factors, 
ATP and NADH. 

3. Results and discussion 

3.1. Reactor performance 

To establish the optimum conditions for the 
co-immobilized GDH/NAOD reactor, the system 
shown in Fig. 2 using a luminometer was used 
and measurements were made to study the influ- 
ence of pH, temperature and the NAD+ concen- 
tration 

The effect of pH on the peak height was studied 
in the range 9.0-l 1.0 using 0.2 M K,CO,/ 
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KHCO, carbonate bufferes by injecting 100 /iM 
glycerol (50 ~1). The optimum pH for the enzy- 
matic reactions was about 10.0. The peak height 
was not affected when the concentration of car- 
bonate buffer (pH 10.0) was varied in the range 
0.2-0.3 M; 0.3 M carbonate buffer was used in 
this system (Fig. 1). The effect of temperature on 
the peak height was examined in the range 30- 
45°C. The maximum peak height was obtained at 
35°C. The reactor was kept at 30°C to prolong its 
lifetime. The effect of NAD+ conentration on 
peak height was investigated in the range 0.1-5 
mM by injecting 100 ,BM glycerol (Fig. 3). The 
maximum peak height was obtained between 1 
and 3 mM NAD+; the NAD+ concentration in 
the reactor is between 0.5 mM and 1.5 mM. For 
GDH reaction at lower NAD+ concentrations the 
equilibrium of the reaction is shifted to the left, 
but for NAOD reaction higher NAD+ concentra- 
tions are undesirable for the production of H,O,. 
A 1.5 mM NAD+ solution was used in this 
system; as shown in Fig. 1: as the solution was 
diluted three-fold with the luminol solution and 

01 1 I 1 I I 
0 1 2 3 4 5 

NAD+ concentration, mM 

Fig. 3. Effect of NAD+ concentration on the peak height: 
(0) = chemiluminescence detection, the peak height for 1 mM 
NAD+ solution was taken as 100; (0) = fluoresence detec- 
tion. the peak height for 5 mM NAD+ solution was taken as 
100. The results were obtained by using the system shown in 
Fig. 2. 

carrier stream, the concentration in the reactor is 
0.5 mM. The result was compared with that of an 
immobilized GDH reactor. The dependence on 
NAD+ concentration in an immobilized GDH 
reactor was studied in the range 0.1-5 mM using 
the system shown in Fig. 2 with a spectorfluorime- 
ter (Jasco FP-210, with flowthrough cell (15 ,LL~), 
A,, = 340 nm, i.,, = 465 nm) instead of the lumi- 
nometer, by rotating the rotor of the three-way 
valve. The variation of peak height with the 
NAD+ concentration is depected in Fig. 3; for 
NAD+ below 4 mM, there was dependence of the 
concentration on the peak height. The results 
show that NAOD functions as a trapping enzyme 
in the co-immobilized GDHiNAOD reactor. 

The influence of luminol concentration on the 
peak height was studied from 0.3 mM to 6 mM, 
using the system shown in Fig. 1. The peak height 
increased with an increase in the concentration. 
However, the inactivation of the reactor com- 
menced at concentrations > 1.5 mM. As a com- 
promise between sensitivity (peak height) and 
stability, a luminol solution of 1.2 mM was used; 
the luminol concentration in the reactor is 
0.4 mM. 

Under the conditions shown in Fig. 1, standard 
glycerol solution (100 PM) was injected into the 
system and the peak height was compared with 
the peak height for hydrogen peroxide. The con- 
version efficiency was 68%. The relative activities 
for glycerol (50 PM), 1, 2-propanediol (50 p M), 
1, 2-butanediol (50 PM), 1, 2-ethanediol (50 PM) 
and ethanol (1 mM and 5 mM) were 100, 28, 20, 
3, 4 and 5 respectively. 

The operational stability of the reactor was 
evaluated over a period of 4 weeks. The reactor 
was used for 3 h per day (90 injections of 100 ,uM 
glycerol solution containing 3 mM ethanol) and 
then washed with the NAD+ solution and stored 
in a refrigerator when not in use. The activity 
decreased slowly to 83% of the initial value after 4 
weeks (2500 injections). 

The influence of sulfite on the peak height for 
glycerol (50 PM) was measured in the range 5-50 
pM. The presence of equimolar amounts of 
sodium sulfite depressed the peak height to 85% 
and the peak height was not influenced by the 
presence of < 15 PM sulfite; since normally the 
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concentration of glycerol in wine is not less than 
10 times that of total sulfite [14], this method is 
not subject to interferenes from sulfites in wine. 
Under the same conditions, the peak height did 
not change with the presence of carbonates such 
as tartrate, citrate, lactate, succinate and acetate 
up to 1 mM. 

The peak height was measured by changing the 
flow rates of the NAD+ solution, the luminol 
solution and the carrier stream under the condi- 
tions shown in Fig. 1, keeping the flow rate ratio 
of the solutions at 1.0. The peak height decreased 
linearly on altering the total flow rate from 0.3 to 
0.9 ml min-‘. Glycerol reacted in 92 and 44% 
yields at flow rates of 0.3 and 0.9 ml min -I, 
respectively, and the half-peak width for the for- 
mer was about twice that of the latter. A total 
flow rate of 0.6 ml min ’ (0.2 ml min’ each) was 
selected, as a compromise between sensitivity 
(peak height) and sample throughout; at this flow 
rate the sample throughput was 30 h ‘. 

3.2. Calibration 

The plot of peak height against glycerol con- 
centration was linear from 0.33300 PM. Each 
standard solution contained 5 mM ethanol be- 
cause in this reactor l-5 mM ethanol concentra- 
tions were oxidized at a 5% relative activity of 
glycerol and normally wine contains 1.5-3 M 
(7-14%) ethanol; in this method wine was diluted 
lOOO-fold with water. The least-squares calibra- 
tion equation for glycerol was Y = 0.9524X+ 
7.076, where Y is log(peak height (cm)) and X is 
log(glycero1 concentration (M)), with a linear cor- 
relation coefficient of Y = 0.9998 (15 data points). 
The relative standard deviation (RSD) for seven 
replicate injections of 50 p M glycerol was 0.5 1%. 
The RSD (n = 7) for 50 PM glycerol in the system 
shown in Fig. 2 was 1.3% because of incomplete 
mixing of the luminol solution with the reactor 
eluent. The lower limit of detection (signal-to- 
noise ratio = 3) was 7 x 10mmR M. 

3.3. Application 

This system was used to determine the amount 
of glycerol in wine. 

3.3.1. Precision and reproducibility 
Red wine was repeatedly analyzed over a period 

of 3 weeks. The reactor was used for analyses of 
90 samples per day and standards were measured 
at 30-sample intervals, in order to check the varia- 
tion of the conversion efficiency. Since the conver- 
sion efficiency decreased linearly to 81% of the 
initial value after 3 weeks (1990 injections) be- 
cause of the accumulation of polyphenols and 
dyes, the reactor was renewed every 10 days. This 
method gave precise and reproducible results; for 
red wine containing 73.4 mM glycerol (6.75 g 
1 -I), the intra-day RSD was 0.67% and the outer- 
day RSD was 0.98%. 

3.4. Comparison 

The results (n = 25:13 red wines, 57.6-91.8 
mM; 12 white wines, 45.8-57.3 mM) were com- 
pared with those obtained by use of an F-kit with 
soluble GK, PK and LDH. The calculated linear 
regression equation was Y = 0.9997X+ 1.126 with 
a correlation coefficient of r = 0.9988 respectively. 
The present method gave slightly bigger values, 
because GDH oxidizes the diols present in wine. 

4. Conclusion 

The FI system with a co-immobilized GDH/ 
NAOD reactor and chemiluminescence detection is 
useful for the sensitive measurement of glycerol in 
wine without the need for any pretreatment proce- 
dure, except for dilution. Compared with the 
chemiluminometric FI method utilizing immobi- 
lized GDH and NAOD reactors [5] in series, the 
NAD+ concentration is about three times lower 
and the sensitivity is 250 times higher. The co-im- 
mobilized GDH/NAOD reactor is stable enough to 
permit the measurment of more than 900 samples. 
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Abstract 

Adsorption-desorption equilibria of phenylurea herbicides (chlortoluron, isoproturon, metobromuron, chlorox- 
uron, difenoxuron) were determined in two different soils. Organic carbon content of the soils ranged from 1.1~5.6% 
and the clay fraction from 25-30(X1. Spiked aqueous suspensions of soils were centrifuged and urea derivative 
concentrations in the aqueous phase were determined using a HPLC-UV system. Adsorption isotherms conformed 
to the Freundlich equation. Freundlich Kt values indicated that organic carbon was the main factor affecting urea 
sorption in the studied soils. The R, values calculated from the soil column displacement closely correlated with the 
adsorption K,. values. Results indicated that chloroxuron and difenoxuron were sorbed to a larger extent than the 
other three ureas on the two soils; as expected their mobilities through soil columns were very limited. The similarity 
between the molecular structures of chloroxuron and difenoxuron enables us to assume the phenoxy group to be the 
main structural feature in the adsorption phenomenon. The relationships between sorption, leaching and some 
characteristics of urea molecules such as water solubility and octanol-water partition coefficient were also examined. 

Keywords: HPLC; Leaching; Phenylurea herbicides; Soil; Sorption 

1. Introduction 

Extensive information is required concerning 
the persistence and leaching of organic herbicide 
compounds which come into contact with soil. 
This is important for agronomic and environmen- 
tal reasons. Persistence and leaching determine 
the possible contamination of groundwater. The 
behavior of pesticide residues in soils mainly de- 
pends on the amount of water moving through 

* Corresponding author. 

the soil and to the extent to which pesticides are 
retained in soils, which in turn depends on the 
sorption properties of the soil. Soils are multicom- 
ponent mixtures [1,2]. Sorption of pesticides in 
soil systems has been extensively studied, but des- 
orption is not yet fully understood [3-51. Organic 
pesticides adsorb on both organic and inorganic 
surfaces depending on the chemical properties of 
the adsorbents and adsorbates involved [6]. Ad- 
sorption results in the binding of molecules in thin 
layers on the surface of solids and the binding 
forces vary from weak (van der Waals interac- 
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Table 1 
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Physical and chemical characteristics of soils 

Soil ‘%I Clay ‘!ii Fine silt ‘%t Coarse 
silt 

‘%I Fine 
sand 

% coarse 
sand 

pH (water) ‘%I oc 

Grignon 24.9 21.5 41.2 5.4 1.0 7.7 1.1 
Becon 30.1 28.0 12.1 8.7 21.1 5.8 5.6 

tions) to very strong (specific adsorption of ions). 
Several investigators have shown that herbicidal 
efficiency and performance are related to the or- 
ganic carbon content of soils [7,8]. Correlations 
between adsorption and soil organic carbon con- 
tent are common [3,9]. Soil organic carbon is 
considered to be the most important adsorbing 
material for un-ionized pesticides. 

behavior of organic pesticides in the environment 
[lo-121. 

2. Experimental 

2. I. Herbicides and soils 

The purpose of this analytical study was to 
obtain information on which structural groups of 
phenylurea are concerned in adsorption-desorp- 
tion phenomena of two soils with different or- 
ganic matter contents. After reaction of the soil 
with a solution of urea derivative of known com- 
position at fixed temperature and pressure for a 
prescribed period of time, chemical analysis of the 
soil solution was performed to determine its urea 
composition using a HPLC-UV system. Ureas 
may be persistent herbicides and are frequently 
used in crop production. 

Two soils (from Grignon (Yvelines, France) 
and Becon (Maine et Loire, France)) were chosen 
to provide different organic matter contents. Clas- 
sical physical and chemical characteristics of these 
soils are given in Table 1 (data from Laboratory 
of Soils Analysis, Ancenis, Loire-Atlantique, 
France). The soils were air-dried and sieved 
through a 2 mm screen. They contained 3% and 
10% w/w moisture respectively. 

Batch tests and soil column displacement stud- 
ies were performed. The chosen ureas 
were isoproturon (W-(4-isopropylphenyl)-N,N- 
dimethylurea), chlortoluron (W-(3-chloro-4-me- 
thylphenyl)-NJ-dimethylurea), metobromuron 
(N-(4-bromophenyl)-N-methoxy-N-methylurea), 
chloroxuron (W-[4-(4-chlorophenoxy)phenyl]- 
NJ-dimethylurea), and difenoxuron (W-[4-(4- 
methoxyphenoxy)phenyl]-NJ-dimethylurea). The 
adsorption-desorption processes determine the 
bioavailability and potential leaching of the 
ureas. A common parameter for modelling the 
transport of organic pesticides in soil is the ad- 
sorption coefficient K,,, which is a measure of 
the partition of the chemical between the soil 
organic matter and the water phase. Adsorption 
of non-polar pesticides is mainly attributed to 
hydrophobic bonding. The octanol-water parti- 
tion coefficient K,, is widely used to predict the 

The herbicides were metobromuron, isopro- 
turon, chlortoluron, chloroxuron and difenoxuron 
(Fig. 1). All herbicides had 97-100% purity (Dr. 
Ehrenstorfer, GmbH). Their water solubilities 
were 1300, 350, 330, 13 and 70 pmol I- respec- 
tively [ 13,141. The octanol- water partition coeffi- 
cients (log K,,) for metobromuron, isoproturon, 
chlortoluron and chloroxuron were 2.41, 2.25, 
2.29 and 3.20 respectively [13]. In the case of 
difenoxuron, the octanol-water partition coeffi- 

Fig. 1. Molecular structures of ureas 



C.M. FouquC-Brouard, J.M. Foumier : Talanta 43 (1996) 1793- 1802 1195 

Table 2 
Retention times and wavelengths of maximum absorbance of 
the five urea derivatives 

Derivative Retention time 
(min) 

i (nm) 

Metobromuron 13.10 244.2 
Isoproturon 13.64 241.6 
Chlortoluron 12.36 242.4 

Chloroxuron 33.65 245.5 
Difenoxuron 14.95 246.8 

cient is calculated from the retention time ob- 
tained with reversed-phase HPLC [15]. 

2.2. Materials and methods 

2.2.1. Materials 
Methanol was HPLC-grade obtained from 

S.D.S. (Peypin, France). Water for HPLC was 
purified with a Seral System (Grosseron, St. 
Herblain, France). 

2.2.2. Liquid Chromutograph System 
HPLC analysis was performed with a Waters 

600 liquid chromatograph equipped with a 
photodiode array detector (Waters 991) and an 
integrating system (NEC Powermate SX Plus 
and Waters 5200 Printer Plotter). The analysis 
were performed on a 25 cm x 4.6 mm i.d. 
Lichrospher RP-18 column and on a 1.4 cm x 
4.6 mm id. Lichrosorb RP-18 pre-column. The 
injected volume was 25 ~1 (syringe, Model U6K, 
Hamilton), the flow rate was 1 ml min-’ and 
the eluent was a mixture of deionized water and 
methanol (40:60 v/v) (isocratic mode). The 
wavelength of maximum absorption for the five 
ureas ranged from 241-245 nm and retention 
times were between 12 and 15 min with the ex- 
ception of that of chloroxuron which was 30 
min (Table 2). 

2.2.3. Preparation of standards 
Standard stock solutions (2 x lop3 M) were 

prepared from the crystalline solids using 
methanol. Working standards were obtained by 
suitable dilutions of the stock solutions with 
methanol. 

2.2.4. Linearity study 
Standard concentrations ranging from 4 x 

1OV’ -2 x lop4 M with internal standard 
(diuron at lop4 M) were used to determine 
peak area response vs. concentration of urea 
derivative. The limit of detection was 2 x 
lop7 M. 

2.2.5. Reproducibility study 
Two standard solutions were analyzed several 

times on the same day and on different days to 
determine the intra- and inter-day HPLC varia- 
tions. The intra-assay % RSD based on 10 de- 
terminations done on the same day was 0.6%. 
The inter-assay % RSD based on 10 determina- 
tions done on five different days was 1%. 

2.3. Sorption rate experiments 

Batch sorption tests were performed in 50 ml 
flasks at 21 + 1°C. 10 g of air-dried soil was 
equilibrated with 20 ml of a urea solution (40 
,uM urea in demineralized water pH 6.1) and 
methanol mixture (4O:l v,/v). The samples were 
shaken with a mechanical shaker (Gyrotory Wa- 
ter Bath Shaker Model G76, New Brunswick 
Scientific Co., USA) at 20-22°C. 

The rate of each phenylurea adsorption versus 
time was measured and used for evaluating the 
equilibration period for later Kf determinations. 
At different times (5, 20, 50 min, etc.), the suspen- 
sion was centrifuged at 5000g for 15 min 
(Grignon soil) or 30 min (Becon soil). The differ- 
ence in the centrifuging time is due to the different 
organic matter contents of the soil. The concen- 
trations of nonsorbed solutes in a 450 ~1 aliquot 
of clear supernatant, with 50 ~1 of internal stan- 
dard added, were determined by an HPLC proce 
dure. Soil-sorbed amounts of urea derivatives were 
calculated as the difference between the initial urea 
concentration and the equilibrium concentration 
previously determined. 
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Freundlich parameters of ureas in the soils (K, and n are calculated with the Freundlich equation; C, PM; x/m, prnol g’; Kf = 100 

Kd 

Parameter Mean i d” 
Metobromuron Isoproturon Chlortoluron Chloroxuron Difenoxuron 

Grignon soil 
Kt- 0.43 + 0.08 0.52 * 0.08 
n 0.71 * 0.01 0.51 * 0.01 
Y 0.99 0.97 

Becon soil 
Kt- 2.07 k 0.08 1.01 * 0.03 
?I 0.64 f 0.03 0.66 * 0.02 
Y 0.99 0.99 

a Absolute deviation. 

For Kf determinations, the soil sample was 
stirred with 20 ml of a herbicide solution with 
different urea derivative concentrations (C,,, the 
initial concentration of urea, ranged from 4-200 
PM). After the equilibration period (24 h), the 
suspension was centrifuged as described above. An 
aliquot of the liquid phase was analysed using the 
HPLC procedure. Urea derivative solutions with- 
out soil were prepared in the same way: no adsorp- 
tion was observed on the walls of the flasks. Blank 
samples (soil with pure water) without urea deriva- 
tive were also prepared in the same way: no peaks 
with the same retention times as urea derivatives 
were observed. 

Adsorption isotherms parameters were calcu- 
lated according to the Freundlich equation: 

x/m= Kf, C” 

where x/m is the rate of herbicide sorbed (per urea 
mass/soil mass), C is the herbicide concentration 
at equilibrium and Kf and n are empirical adsorp- 
tion parameters calculated from experimental data 
using least-squares fitting. Each experiment was 
replicated twice with each soil and the reported 
results are the means of the two assays (Table 3). 

Desorption studies were conducted on three 
herbicide solutions (20, 60 and 100 PM). After 
adsorption, according to the above experiment, 
and centrifugation, supernatant was replaced with 
a similar volume of demineralized water without 

0.69 + 0.07 0.72 f 0.04 1.88 + 0.21 
0.56 f 0.01 1.20 f 0.05 0.62 k 0.01 
0.98 0.96 0.99 

1.49 * 0.04 7.71 * 0.14 2.70 k 0.06 
0.73 k 0.03 0.90 & 0.01 1.08 f 0.03 
0.98 0.99 0.97 

herbicide. Centrifuge tubes were shaken for 24 h at 
21 x 1°C. 

Desorption was achieved by removing all the 
supernatant from the centrifuged samples and 
then replacing it with demineralized water. This 
equilibration process was repeated five times. Each 
time an aliquot of the supernatant was analysed by 
HPLC. The amount of herbicide that remained on 
the soil was calculated as the difference between 
the initial amount and the desorbed amount. 

2.4. Soil column displucement studies 

Movement of the urea derivatives through satu- 
rated soil columns was estimated using the dis- 
placement technique: chromatography columns 
(1.5 cm i.d. x 30 cm) were packed with 10 g of soil 
and saturated with demineralized water. The flow 
rate was constant (3 ml h-l). Then, a urea deriva- 
tive solution (4 x 10e6 M) was injected into the 
column. Elution was stopped when the effluent 
concentration approached, or became identical to, 
the input concentration. At this stage, demineral- 
ized water was injected into the column to observe 
the desorption of urea derivatives. Column 
effluents were collected with an automatic fraction 
collector (Gilson Fraction Collector FC 203B) 
every 30 min. The concentration of urea deriva 
tive in the effluent was determined by the HPLC 
procedure. 
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6 

45 195 Time (hours) 

(4 

(b) 

5s 75 95 115 Time (hours) 

Fig. 2. Adsorption kinetic curves of urea derivatives on (a) Grignon and (b) Becon (soil): (H) metobromuron; (0) isoproturon; ( A) 
chlortoluron; (0) chloroxuron: (4) difenoxuron. 

3. Results and discussion 

3.1. Soil adsorption-desorption stu& 

The equilibrium was attained practically within 
8 h (Fig. 2). When equilibrium was reached more 

chloroxuron than the other molecules was re- 
tained in the two soils. According to Gilchrist et 
al. [16], when a pesticide is mixed with soil it 
reacts with active sites that are available on the 
surfaces of the soil particles. Some are very reac- 
tive, so that they can hold pesticide molecules 
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strongly, while others are not reactive enough. 
The loosely bound pesticide molecules desorb. 

With difenoxuron, chloroxuron and isopro- 
turon, and Grignon soil, adsorption followed a 
rapid adsorption phase in which the amount of 
adsorbed urea increased rapidly. This first reac- 
tion phase is followed by some decrease before 
the attainment of a stationary state. Metobro- 
muron and chlortoluron with Grignon soil, and 
all urea derivatives with Becon soil, did not 
show such a decrease. With atrazine the decreas- 
ing phase has been attributed to the diffusion of 
the molecules in the soil microporosities [16]. 
For the two soils significant amounts of 
chloroxuron and difenoxuron, compared to the 
other molecules, were retained in the soil. A 
greater amount of urea derivative was adsorbed 
by the Becon soil components than by the 
Grignon soil components. 

Fig. 3 shows the adsorption isotherms of urea 
derivative in the Becon soil (Freundlich 
isotherms, x/m =f(C)). Adsorption isotherms in 
the Grignon soil are similar. The isotherms of 
metobromuron, isoproturon and chlortoluron 
are of the L-type according to the classification 
of Giles et al. [17] but the chloroxuron and 
difenoxuron isotherms are of the H-type. The 
H-type isotherms are usually interpreted as be- 
ing due to a high relative affinity of the soil 
particles for the solutes, indicating a minor com- 
petition between solute and solvent molecules 
towards the adsorbing sites. The empirical Fre- 
undlich equation closely described the adsorp- 
tion on the soil. The calculated parameters Kr 
and n, together with the coefficients Y for the 
linear fit, are given in Table 3. Inspection of the 
data listed in this Table indicates that Kr follows 
the organic matter content in the soils. This 
trend agrees with the results of other studies 
which showed the part played by the organic 
matter in the adsorption processes [3,7,8,18]. 
With the exception of chloroxuron (Grignon) 
and difenoxuron (Becon), n values are less than 
unity, which is the result of decreasing adsorp- 
tion as the adsorptive sites become occupied and 
this is in accordance with the results of Kozak 
and Weber [19] and Grover [20] for phenylurea 
herbicides. 

For each urea, the x/m value was calculated 
with C equal to 20 PM from the Freundlich 
equations previously determined. The results 
were: 2.4 x lo-* pmol gg’ for isoproturon, 
3.5 x lop2 pmol gg’ for metobromuron, 3.6 x 
lo-* pmol gg’ for chlortoluron, 20.9 x lo-* 
pmol gg’ for difenoxuron and 26.3 x lop2 
pmol gg’ for chlorxuron with the Grignon soil, 
and 7.3 x lo-* pmol gg’ for isoproturon, 
13.1 x lop2 ,umol gg’ for chlortoluron, 14.3 x 
lop2 pmol g-’ for metobromuron, 69.5 x lo-* 
pmol g-l for difenoxuron and 114.8 x 10d2 
pmol gg’ for chloroxuron with the Becon soil. 
These doses decrease in the order chlorox- 
uron > difenoxuron > chlortoluron > me tobro- 
muron > isoproturon for the Grignon soil and 
in the order chloroxuron > difenoxuron > meto- 
bromuron > chlortoluron > isoproturon for the 
Becon soil. The value of IZ for the adsorption 
of chloroxuron on the Grignon soil deviated from 
unity. This can be explained by the inversion of 
chloroxuron and difenoxuron according to the 
range of x/m values compared with the range of 
Kf values on the Grignon soil. The phenoxy group 
of chloroxuron and difenoxuron molecules is 
thought to be responsible for the increase in reten- 
tion. 

45 

T Chloroxuron 

40 

3 35 
0 
E 
2 30 

Metobromuron 

0 10 20 30 40 50 

Urea concentration (pmolll) 

Fig. 3. Urea adsorption isotherms on the Becon soil. 
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Fig. 4. Desorption and adsorption isotherms of difenoxuron on Becon soil. 

l- (A) 

Co = 6.10e5 mol/l 

I I I I I I I 

2 4 6 8 

Urea concentration (~mol/l) 

An example of urea derivative desorption 
curves (D) is presented (difenoxuron desorption) 
together with the adsorption curve (A) in Fig. 4, 
where C, is the initial concentration of urea 
derivative. The humic compounds which are 
present in the Becon soil increased the percentage 
of non-desorbable urea as shown in Table 4. 
Metobromuron, chlortoluron and isoproturon 
desorptions are higher than those of chloroxuron 
and difenoxuron. Desorption isotherms show hys- 
teresis for the two phenylphenoxyureas, indicating 
specific interactions. 

3.2. Leaching 

Figs. 5 and 6 show the curves of urea derivative 
mobilities through soil columns. The eluent vol- 
ume needed for a urea to obtain 50% of the inlet 

concentration in the effluent (C/C, = 0.5) was 
used as a direct estimation of its retardation fac- 
tor. No tracer experiments were made in this 
study to estimate the residence time and disper- 
sion of a non-adsorbate solute. The retardation 
factors obtained for ureas in Becon soil columns 
were greater than in Grignon soil columns. The 
organic matter content, which is higher in the 
Becon soil, could be responsible for the low urea 
mobilities through the Becon soil column. Be- 
cause of the strong retention of chloroxuron in 
the soils, we were not able to determine its retar- 
dation factor; the adsorption process was so long 
that the value C/C, = 0.5 could not be reached 
even after 300 ml (Grignon) and 1500 ml (Becon). 
The retardation factor of an urea derivative corre- 
lates directly with its Kf value. Therefore chlorox 
uron and, in minor proportion, difenoxuron, in 
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Percentage of urea remained adsorbed after five desorptions (C,,,, , initial urea concentration in /IM; Q,, dose of urea adsorbed 
before desorption in pmol gg ‘) 

c lnlt Metobromuron 

“4 urea Q,, 

lsoproturon Chlortoluron Chloroxuron Difenoxuron 

%I urea Q, % urea Q, % urea Q0 “A urea QO 
- 

Grignon soil 
2 x 10-j 26 
6 x 10-j 16 
low” 15 

Becon soil 
2 x 10-5 74 
6x 10m5 75 
10-4 12 

2.12 67 2.09 40 
5.10 39 4.10 21 
1.79 16 5.43 21 

3.50 80 3.27 68 
9.42 61 8.49 54 

15.90 72 12.97 52 

contact with a soil of high organic matter con- 
tent might be less mobile in the soil profile than 
other urea derivatives. The close similarity in 
molecular structure and polarity of the two 
chemical compounds would suggest that other 
factors are involved in their different mobilities 
in soil. The most obvious cause could be their 
relative solubility in water. Chloroxuron is much 
less water soluble than difenoxuron. Since ad- 
sorption and leaching are often related to water 
solubility within a given herbicidal class, this 
may explain the reduced leachability of chlorox- 
uron in comparison with other urea derivatives 
[21,22]. 

3.3. Relations with S,, and K,, 

Urea derivatives are adsorbed to a lesser ex- 
tent in Grignon soil than in Becon soil. This 
difference may be attributed to the difference in 
soil characteristics since Becon soil has a higher 
organic matter content than Grignon soil. Be- 
cause of the importance of the organic matter 
content in herbicide adsorption, especially with 
neutral molecules, the distribution coefficient Kf 
must be correlated with the organic matter con- 
tent which is given by the relationship K,, = K,/ 
%OC, where OC is the fraction of organic 
content in dry soil [3]. The solubilization in natu- 
ral organic matter is due to a hydrophobic effect. 
Experimental and predicted thermodynamic data 
have shown that K,, is closely correlated with 

2.05 51 3.48 78 3.61 
5.07 82 10.62 73 9.35 
6.93 67 17.53 67 14.46 

3.52 93 4.10 91 3.96 
10.61 79 12.33 92 11.91 
15.61 65 20.43 83 19.79 

the octanollwater partition coefficient K,, and 
the water solubility S, [23] of the chemical 
product. Water solubility governs the retention 
of pesticides in soils. Chiou et al. [24] demon- 
strated that water solubility is the primary factor 
controlling the partition of nonionic organic so- 
lutes between soil organic matter and water. 

Fig. 7 shows curves of log K,, and log S, 
versus log K,,. Values of the sorption coefficient 
normalized by the organic carbon content of the 
soil (K,,) are plotted on the horizontal scale, and 
solute water solubility (log S,) and octanol-wa- 
ter partition coefficient (log K,,) are plotted on 
separate vertical scales. As expected K,,, increases 
with the hydrophobic character of the molecules. 
As previously observed, binding is related not 
only to solubility parameters but also to the 
composition and molecular structure of both the 
soil and the associated molecules. The high bind- 
ing of chloroxuron and difenoxuron could be 
attributed to the phenoxy group. The methoxy 
group of difenoxuron increases the electronic 
density on the aromatic ring. It may also be 
possible that the adsorption process involves 
charge transfers in the case of the difenoxuron 
molecule. 

With the exception of chloroxuron, log K,, 
correlates well with log K,,. Therefore, the distri- 
bution of urea derivatives (except chloroxuron) 
can be viewed as partition (solubilization) be- 
tween soil and water and distinguished from ad- 
sorption (surface condensation). 
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Fig. 5. Cumulative metobromuron (H); isoproturon (C); chlortoluron (4); chforoxuron (A); and difenoxuron (0) leached in 
Grignon soil columns. 
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Fig. 6. Cumulative metobromuron (M): isoproturon (Cl); chlortoluron (+): chloroxuron (A); and difenoxuron (0) leached in 
Becon soil columns. 
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Fig. 7. Variations of log (I&,) (C) and log (S,) (/tM) (m) 
versus log (I$,): (1) isoproturon; (2) chlortoluron; (3) meto- 
bromuron; (4) difenoxuron; (5) chloroxuron. 

4. Conclusion 

An understanding of the sorption mechanism is 
fundamental for predicting the fate and distribu- 
tion of many organic contaminants. Analytical 
data indicate that sorption of these urea deriva- 
tives by soils in the presence of water exhibits the 
characteristics of a partition process. With respect 
to pesticide-soil interactions the environmentally 
important distribution of urea derivatives between 
soil and water has been estimated by measuring 
Kr and R, values. It is confirmed that organic 
matter content is an important soil component 
[25]. Results presented here show a relatively high 
soil sorption (and low soil mobility) for chlorox- 
uron and difenoxuron compared to isoproturon, 
metobromuron and chlortoluron. Therefore, it 
seems that the adsorption in soils is conditioned 
by the phenoxy group. The combination of the 
three factors (structural feature, hydrophobicity 
and organic matter content of soil) is responsible 
for the Kr and R, values of chloroxuron being 
significantly higher than the others. However, the 
adsorption mechanism on soil is probably more 

complex than that usually accepted for neutral 
molecules and hydrophobic partitioning is only 
one of the processes involved. 
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Abstract 

The development of a fiber optic sensor for the analysis of polycyclic aromatic compounds based on laser-induced 
room-termperature phosphorimetry is reported for the first time. A pulsed nitrogen laser was used to excite 
phosphorescence emission from compounds imbibed on filter-paper substrates. Thallium(I) acetate (0.1 M) was used 
to enhance phosphorescence emission from chrysene, 1,2-benzofluorene, 7.%benzoquinoline, phenanthridine and 
5,6-benzoquinoline. Lead(I1) acetate (0.5 M) was employed for the determination of fluoranthene, which showed no 
phosphorescence signal on paper substrates pre-treated with thallium(I) acetate. Limits of detection at the rig/ml-’ 
level were estimated for all the compounds. An improvement in the limits of detection of the nitrogen heterocyclic 
compounds was obtained by using a low-background paper substrate. Satisfactory reproducibility of measurements 
was observed, varying from 6.1% (chrysene) to 11.9% (7,&benzoquinoline). The linear behavior of the sensor response 
was also evaluated.. Linear dynamic ranges extend over two and three orders of magnitude and show the potential of 
the device for the quantitative analysis of environmental pollutants. 

Keywords: Fiber optic sensor: Laser-induced room-temperature phosphorescence detection; Polycyclic aromatic 
hydrocarbons 

1. Introduction 

The development of fiber optic sensors was 
initially conceived in the medical area [l]. Al- 

though a great deal of effort is still devoted to this 
field, more recent interests in optosensing technol- 
ogy have been directed toward environmental ap- 
plications. The main reason for the fast 
development of environmental monitoring sensors 
is the continuous upgrading of legislation con- 

* Corresponding author. 
’ Present address: Departamento de Quimica, Universidade 

de Brasilia, Brasilia, DF, CEP 70910-900, Brazil. 

cerning ambient pollution. Such modifications in- 
elude the addition of new pollutant targets, 
re-evaluation of limits of concentrations and an 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 

PZZSOO39-9140(96)01945-5 



1806 A.D. Campigliu. T. Vo-Din/z / Talanta 43 (1996) 1805-1814 

increase in the frequency and number of measure- 
ments required [2]. Special emphasis in environ- 
mental analysis has been put on monitoring 
polycyclic aromatic hydrocarbons (PAHs) 
throughout the ecosystem [3]. Some PAHs are 
well known to exhibit carcinogenic and/or muta- 
genic effects in humans [4]. In aquatic systems, the 
major sources of PAHs release are oil spills and 
leakage from waste sites and coking plants [5]. 
Depending on the compound and the water sup- 
ply, PAH concentrations usually range from pg 
ml-’ in pure ground water samples to pg ml-’ in 
heavily contaminated sewage. Among the analyti- 
cal techniques adapted for on-site aquatic analy- 
ses for PAHs, laser-induced fluorimetry with 
optical fibers has shown to be a selective and 
sensitive approach [6- 121. 

In this paper, we report for the first time the 
evaluation of a laser-induced room-temperature 
phosphorimetric (LI-RTP) sensor for the determi- 
nation of polynuclear aromatic compounds 
(PACs). In addition to PAHs, the application of 
the LI-RTP sensor was extended to nitrogen hete- 
rocyclic compounds (NHCs) of industrial, envi- 
ronmental and biological importance. To the best 
of our knowledge, this is the first time that an 
LI-RTP sensor has been reported. Very few stud- 
ies involving phosphorimetry and optosensing 
have been reported previously [ 13- 171. The ad- 
vantage of coupling fiber optics into laser sources 
to measure phosphorescence emission at 77 K was 
demonstrated by Hieftje and co-workers [ 13,141. 
Fiber optics have also been employed to detect 
RTP emission with commercial spectrofluorime- 
ters [15- 171. Selective chemical sensors have been 
developed for ultratrace aluminum determination 
[15], quantitation of tetracyclines in urine and 
pharmaceutical preparations [ 161 and glucose de- 
termination in serum and beverage samples [17]. 

In this study, advantage was taken of the high 
coupling efficiency of laser excitation sources into 
fiber optics to develop a universal RTP sensor 
adaptable to different analytical situations involv- 
ing phosphorescent compounds. Filter-paper was 
used as a solid substrate to induce phosphores- 
cence emission [ 181 from several model polycyclic 
aromatic compounds (PACs), which include three 
PAHs (chrysene, 1,2-benzofluorene and fluo- 

ranthene) and three NHCs (7,8-benzoquinoline, 
phenanthridine and 5,6-benzoquinoline). External 
heavy-atom perturbation [ 18,191 was employed to 
enhance RTP emission from the studied com- 
pounds. Limits of detection (LODs) at the ng 
ml-’ were obtained, showing satisfactory sensitiv- 
ity for environmental analysis. The linearity of 
response of the RTP sensor was also evaluated, 
showing linear dynamic ranges (LDR) extended 
over about three orders of magnitude. Finally, we 
demonstrated the usefulness of a paper back- 
ground reduction treatment [20] in improving the 
LODs obtained with the LI-RTP sensor. 

Dimensions: 
1: 14.9 em I5 em x 11.4 cm 
2: 5.5 cm x 2.1 cm I. 3.4 em 
j: 24 em x 8.5 em I 12 cm 
4:9cmr4cmrl2.5cm 
5:lOcmr7cmxScm 
6: 43.5 em I 17.5 em x 42 em 
7: 5.5 cm x4.1 cm x5.5 Eln 
El:28cmr16cmr12cm 

Approximate total weight: 

UK’? 
RTP SENSOR 

Fig. 1. Block diagram of the laser system employed with the 
LI-RTP sensor. I = Nitrogen laser; 2 = photodiode trigger; 
3 = monochromator; 4 = PMT; 5 = preamplifier; 6 = boxcar; 
7 = motor; 8 = motor control; L = lens; M = reflecting surface; 
F = fiber optic mount. 
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Fig. 2. Schematic diagram of the RTP sensor. (A) Cross-section; (B) side view: (C) bottom view showing the paper substrate in the 
sample cavity of the sensor 

2. Experimental 

2.1. Instrumen td 

Fig. 1 shows a block diagram of the instrumen- 
tal system employed. Excitation at 337 nm was 
performed by using a pulsed nitrogen laser (Laser 
Science VSL-337) with a typical pulse energy of 
120 mJ. The repetition rate was 20 Hz and the 
pulse width 3 ns. The laser beam was focused on 
to one end of a bifurcated optical fiber with anJ/4 
convex lens, and directed to the surface of the 
solid substrate probe. The bifurcated fiber (Fiber 
Guide Industries, silicaasilica glass, 150 cm 
length) consisted of a 600 pm central optical fiber 
surrounded by 18 optical fibers of 200 pm diame- 
ter (emission). The phosphorescence signal from 
the sample was transferred into a 10 cm focal- 
length monochromator (ISA Model DH-10). The 
output from the photomultiplier (Hamamatsu 
R928) was amplified by a laboratory-constructed 

amplifier and fed into a gated boxcar averager 
(Stanford Research Systems RS250). For all mea- 
surements, the delay and gate time were 1 and 4 
ms, respectively. The time constant of the boxcar 
was 1 s. A stepper motor was used to control the 
scanning of the monochromator. An analog-to- 
digital converter card (MetraByte DASH-16) was 
used for instrumental control, timing and data co- 
llection. The software employed to control the in- 
strumental system was develped in our laboratory. 

The RTP sensor is shown in Fig. 2. Basically, 
the device consists of two cylindrical parts (a 
stainless-steel sheath and a Teflon stud) easily 
attached by concentric incised threads. The fiber 
optic bundle passed through the center of the 
sheath and reached the sample compartment of 
the RTP sensor located between the two cylindri- 
cal parts. A hole (0.3 cm diameter) at the distal 
end of the Teflon stud allowed the entry of solu- 
tion into the sample cavity. By dipping the sensor 
into the liquid sample, the paper substrate in the 
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sample cavity was imbibed with the solution. The 
sample collected by the filter-paper was then ex- 
cited by the laser radiation from the fiber optic. 
By means of a screw in the sheath, the distance 
between the fiber optic and the surface of the solid 
substrate was kept constant during all measure- 
ments. 

A commercial spectrofluorimeter (Perkin-Elmer 
LS 50B) was used to record the excitation spectra 
of the studied compounds. In all cases, the delay 
and gate time were 1 and 4 ms, respectively. The 
excitation and emission slits were 10 nm. 

The ultraviolet (UV) irradiation treatment for 
paper background reduction was carried out in a 
Rayonet photochemical reactor (Southern N.E. 
Ultraviolet Co., Middletown, CT, USA) using five 
lamps with maximum wavelengths (A,,,) of emis- 
sion at 254 nm and seven with i.,,, at 300 nm. 

2.2. Reagents 

Whatman No. 40 filter-paper and distilled, 
deionized water were used throughout. All 
chemicals were of analytical-reagent grade and 
used without further purification. Chrysene, 1,2- 
benzofluorene, phenanthridine, fluoranthene, 7,8- 
benzoquinoline and 5,6-benzoquinoline were 
purchased from Aldrich at the highest purity 
available. Thalium(1) acetate and lead(I1) acetate 
were obtained from Sigma. Methanol was ac- 
quired from J.T. Baker. 

Stock solutions of PACs ( lop3 M) were pre- 
pared in methanol-water (80:20, v/v). Working 
solutions were obtained by appropriate dilution 
with methanol-water (80:20, v/v). Thallium(I) ac- 
etate (0.1 M) and lead(I1) acetate (0.5 M), both 
prepared in methanol-water (50:50, v/v), were 
used as phosphorescence enhancers. 

2.3. Procedure 

The background emission of the solid substrate 
was reduced by a combination of solvent extrac- 
tion and irradiation treatment [20]. Strips of chro- 
matography paper were extracted with water in a 
Soxhlet apparatus for 8 h and exposed to UV 
irradiation in a photochemical reactor for the 
same period of time. 

Filter-paper was cut into 0.4 cm diameter cir- 
cles with a hole puncher. The circular substrates 
were immersed in the heavy-atom salt solution for 
approximately 1 min, dried under an infrared (IR) 
heat lamp for 3 min and then stored in a desicca- 
tor to be used as solid substrate probe. 

The paper substrate was placed in the sample 
cavity of the RTP sensor. Sample collection was 
performed by immersing the sensor in a vial with 
the analyte solution. Although no effort was 
made to optimize the exact immersion time of the 
RTP sensor in the sample solution, we observed 
that a period of 30 s-l min was enough to obtain 
the maximum RTP signal from the studied com- 
pounds. Prior to RTP measurements, a drying 
step was carried out, keeping the solid substrate in 
the sample compartment of the sensor. The hole 
at the distal end of the Teflon stud allowed direct 
irradiation of the reverse side of the solid sub- 
strate by an IR lamp. In most cases, the signal 
intensities and spectra collection were performed 
after 5 min of IR irradiation. 

3. Results and discussion 

3.1. Heavy-atom eff;?ct 

The performance of the RTP sensor was evalu- 
ated by testing six well known phosphorescent 
compounds previously examined by SSRTP [18]. 
The phosphorescence characteristics of 7&benzo- 
quinoline, 5,6benzoquinoline, phenanthridine, 
1,2-benzofluorene, chrysene and fluoranthene 
have been studied on a wide variety of solid 
substrates and phosphorescence enhancers 
[18,21-251. The combination of paper substrate 
and thallium(I) ions as phosphorescence en- 
hancers has been shown to be particularly efficient 
in improving the RTP signal of these compounds. 

Our preliminary studies, therefore, were per- 
formed on paper substrates pre-treated with a 0.1 
M thallium(I) acetate (TlOAc) solution. With the 
exception of fluoranthene, all the PACs showed 
strong phosphorescence signals. The emisson 
wavelengths obtained with the LI-RTP sensor are 
given in Table 1. The excitation maxima of the 
compounds were acquired with a commercial 
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spectrofluorimeter. The emission characteristics of 
the PACs obtained with the LI-RTP sensor were 
in agreement with those obtained with the spec- 
trofluorimeter, which shows the feasibility of the 
device for their identification in unknown sam- 
ples. From the values in Table 1, it can be seen 
that the maximum excitation wavelengths (&,,) of 
7,%benzoquinoline, 5,6-benzoquinoline and 
phenanthridine are close to the emission wave- 
length of the nitrogen laser (337 nm). This prox- 
imity probably allows a certain degree of overlap 
between their maximum excitation bands and the 
laser line, which is necessary for RTP emission. In 
addition, the excitation spectra of the studied 
NHCs presented featureless bands in the wave- 
length range 300-400 nm. Although those bands 
were less intense than the maximum excitation 
bands, they certainly contributed to the high de- 
gree of excitation obtained with the nitrogen laser. 
A similar effect was observed for chrysene and 
1,2-benzofluorene. Their maximum excitation 
bands were located below 300 nm (see Table l), 
with obvious difficulties for overlapping with the 

Table 1 
Spectral characteristics of several PACs” obtained with a 
commercial spectrofluorimeter and a laser system with an 
LI-RTP sensor. 

Compoundb ‘ 
4X‘ 

1 d 
hrn 

(nm) (nm) 

7.8-Benzoquinoline 303. 353 474, 506 
Phenanthridine 315,355 470,495 
5.6-Benzoquinoline 302, 355, 475, 509 
Chrysene 274 515.550 
I ,2-Benzofluorene 270 505.550 
Fluoranthene 284 No signal 

“ Whatman No. 40 filter-paper was used as a solid substrate 
and 0.1 M TlOAc was employed to enhance RTP emission. 
’ lO-4 M analyte solutions prepared in methanol-water 
(SO:20 v/v) were used in all cases. Analyte concentrations 
giving phosphorescence signals between I5 and 20 times the 
background signal were employed. 
’ Maximum excitation wavelengths obtained with a commer- 
cial spectrofluorimeter. The peak with maximum intensity is in 
italics. 
’ Maximum emission wavelengths obtained with the LI-RTP 
sensor. Excitation wavelength = 337 nm. The peak with maxi- 
mum intensity is in italics. A drying time of 5 min was 
employed. 

laser line. However, these PAHs presented, at 337 
nm. featureless absorption bands with approxi- 
mately 20% of the maximum intensity observed at 
their rZ,,,. Apparently, even when excited at a 
wavelength region of low absorption of energy, 
the high irradiance of the laser beam was suffi- 
cient to induce strong RTP emission from these 
compounds. On the other hand, fluorathene 
showed no RTP emission with the LI-RTP sensor. 
In the spectrofluorimeter, and still using 0.1 M 
TlOAc as phosphorescence enhancer, this com- 
pound showed a strong RTP signal with &,j&,,, 
at 284/555 nm. As a tentative means of shifting 
the A,,, of fluoranthene towards 337 nm, and 
promote the necessary overlapping with the laser 
line to observe RTP emission with the fiber optic 
sensor, we employed a 0.5 M lead(I1) acetate 
(Pb(OAc)J solution as a heavy-atom salt. This 
phosphorescence enhancer was chosen based on 
previous studies [24], which indicated strong phos- 
phorescence emission from Iluoranthene in the 
presence of lead(I1) ions. As expected, the maxi- 
mum excitation wavelength of the compound was 
observed at 365 nm, which is in agreement with 
the /i,,, previously reported [24]. As a conse- 
quence of the partial overlapping between its 
maximum excitation band and the laser line at 
337 nm, we were able to detect fluoranthene’s 
RTP emission with the LI-RTP sensor. Its maxi- 
mum emission was observed at 545 nm. 

3.2 Effect of drying time on the phosphorescence 
intensity and the precision of tnemuements 
obtuined with the RTP sensor. 

Previous studies [l&26-3 l] have shown that the 
presence of moisture and solvent molecules on the 
surface of the paper substrate might cause 
quenching of RTP signals. Either by competing 
with the analyte for bonding sites on the paper 
substrate, or by facilitating the transport of oxy- 
gen into the vicinity of the phosphor, the presence 
of water might also affect the reproducibility of 
measurements. To minimize its effect, a drying 
step prior to RTP detection is recommended. In 
addition, a flow of dry gas should be passed 
through the sample compartment of the instru- 
ment to avoid the prescence of oxygen during 
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0 5 10 15 20 25 

Drying Time (min) 

Fig. 3. Phosphorescence intensity as a function of drying time. 
Net RTP signals of (A) a IO-’ M solution of 7,&benzoquino- 
line and (B) a lop6 M solution of chrysene. In both cases, the 
analyte solutions were prepared in methanollwater (80:20 v/v) 
and 0.1 M TlOAc was used as a phosphorescence enhancer. 

measurements. Interaction of triplet-state oxygen 
(the natural ground state of oxygen) with a 
molecule in the excited triplet state might cause 
radiationless deactivation of the excited molecule 
and production of excited singlet-state oxygen 
[l&22,32-34]. 

The drying conditions for the RTP detection of 
PACs have been studied previously [l&26-31]. 
When using filter-paper as a solid substrate, the 
usual procedure involves IR irradiation of the 
PAC solution spotted on the solid support. A 
similar procedure was therefore employed with 
the LI-RTP sensor. In our case, the IR radiation 
was directed towards the reverse side of the paper 
substrate probed by the fiber optic. Fig. 3 shows 
the net RTP intensities of 7,Gbenzoquinoline and 
chrysene as a function of drying time. The drying 
temperature was adjusted to 60°C by varying the 
distance between the LI-RTP sensor and the IR 
lamp. The net signals plotted in the graphics were 
calculated from single measurements of three pa- 
per substrates impregnated with the blank and 
another three impregnated with the analyte solu- 
tion. Chrysene emitted the maximum intensity 
after a drying time of 5 min. The RTP signal of 
7,X-benzoquinoline reached its maxiumum value 
after 10 min of IR irradiation. The difference 
observed in the optimum drying times is not 
surprising, since it will depend on, among other 
parameters, the physico-chemical characteristics 

of the phorphors [l&19]. In both cases, however, 
longer exposure to IR radiation caused intensity 
reductions. No changes in ,Q’&,, were observed. 
Since our interest was focused on minimizing the 
drying time and therefore improving the sample 
throughout, we did not perform further studies to 
explain the observed reductions. 

The reproducibility of measurements was evalu- 
ated after a drying time of 5 min. The relative 
standard deviations (RSDs) obtained with the 
RTP sensor are shown in Table 2. The RSD 
values were calculated with the equation RSD = 
[(S,& + B,2 + Si]‘/2 x 100/Z, ~ B. Six measurements 
of analyte signals and respective blanks were used 
to evaluate the standard deviation of the analyte 
(S *+n), the standard deviation of the blank (S,) 
and the average of the analyte signal (IA-n). All 
measurements were taken at the maximum emis- 
sion wavelengths of the compounds. The best 
results were obtained for chrysene (6.1%). This is 
probably due to the drying time employed, which 
is within the optimum drying range of the com- 
pound (see Fig. 2). The phosphorescence intensity 
of 7,8-benzoquinoline after a drying time of 5 
min, for example, was approximately 35% lower 
than its maximum intensity after 8 min of IR 

Table 2 
Precision of measurements obtained with the LI-RTP sensor” 

Compound’ i,,,’ RSD“ 

(nm) (u/(I) 

7,8-Benzoquinoline 474 11.9 

Phenanthridine 495 1.9 
5,6Benzoquinoline 475 10.1 
Chrysene 515 6.1 
1,2-Benzofluorene 550 10.3 
Fluoranthene 545 8.9 

’ Whatman No. 40 filter-paper was used as a solid substrate 
and 0.5 M Pb(OAc), was employed to enhance the RTP 
emission of fluoranthene. All the other PACs were determined 
in the presence of 0.1 M TlOAc. A drying time of 5 min was 
used in all measurements. 
b Methanol-water (80:20 v/v) solutions were employed in all 
cases. Analyte concentrations giving phosphorescence signals 
between 15 and 20 times the background signal. 
’ Maximum emission wavelengths at which measurements were 
perforemd. Excitation wavelength = 337 nm. 
’ RSD = relative standard deviation (n = 6). See text for defin- 
ition. 
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Table 3 
Analytical figures of merit for several PACs obtained with the LI-RTP sensor” 

Compound” LDRd 
(x 102) 

Slope” 
log-log 

LOD” 

YC PM ng ml-’ 

7.8-Benzoquinoline 414 6.3 0.9987 0.95 1.0 185 

Phenanthridine 495 4.5 0.9957 0.87 1.5 268 

5,6-Benzoquinoline 475 7.2 0.9962 1.03 0.9 167 
Chrysene 515 10.1 0.9985 0.96 0.04 10 

1,2-Benzofluorene 550 11.8 0.9978 0.81 0.2 50 

Fluoranthene 545 8.6 1 .oooo 0.98 0.05 10 

il Whatman No. 40 filter-paper was used as a solid substrate and 0.5 M Pb(OAc), was employed to enhace to RTP emission of 
fluordnthene. The RTP signals of all the other PACs were enhanced with 0.1 M TIOAc. 
b Methanol-water (80:20 v/v) solutions used. 
’ Emission peaks with maximum intensity used for RTP measurements. Excitation wavelength = 337 nm. 
d LDR = linear dynamic range; it was estimated by dividing the upper linear concentration by the limit of detection. 
e Calculated from the plot of log I, versus log (concnetration). 
rr = Correlation coefficient of the linear plot. 
6 LOD = limit of detection: it was estimated as the concentration of analyte that yields a net RTP signal three times the standard 
deviation of the background. 

irradiation. An improvement in the RSD value 
for this compound could have been obtained with 
a drying time of 8 min. A similar approach could 
have been used to improve the precision of mea- 
surements for all the PACs. In all cases, however, 
the RSD values obtained with the LI-RTP sensor 
were within the reproducibility range commonly 
observed with conventional instrumentation (5- 
15%) [18,19]. The effects of oxygen and humidity 
were probably minimized by the design of the 
LI-RTP sensor. The entry of oxygen in the sample 
cavity of the sensor is reduced to its diffusion 
through the filter-paper, since it can only occur by 
the hole at the distal end of the Teflon stud. In 
addition, the exposure of the dried substrate to 
atmospheric humidity is kept to a minimum. Con- 
sidering the necessity for a short analysis time and 
simplicity of operation in field applications, and 
the satisfactory RSD values obtained, we per- 
formed all measurements in the absence of a flow 
of a dry gas and after a drying time of 5 min. 

3.3. Analytical jigures of merit (AFOM) 

Table 3 shows the AFOM obtained with the 
LI-RTP sensor. Depending on the PAC, the linear 
dynamic ranges (LDR) of the calibration curves 

extended over two to three orders of magnitude. 
In most cases, the slopes of the log-log plots and 
the correlation coefficients of the linear graphs 
were close to unity, showing the linearity of 
response of the sensing device. All the limits of 
detection (LODs) were estimated at the rig/ml-’ 
level, which is within the concentration range 
usually required for PAC determinations in 
contaminated samples [35,36]. By comparing the 
LODs reported in Table 3, it becomes clear that 
the values estimated for the NHCs are at least five 
times higher than those estimated for the PAHs. 
Although several experimental parameters can be 
optimized to improve the LODs in SSRTP 
analysis [37,38], we studied the effect of a paper 
treatment on background signal reduction 
[20,37-391. Our choice was based on the position 
of the maximum emission peaks of the NHCs, 
which are in a wavelength region of higher 
background signal than the studied PAHs. The 
broad, featureless emission band of the paper 
substrate presents a plateau with maximum 
intensity between 470 and 500 nm. By applying a 
combination of water extraction and UV 
irradiation [20], we reduced the background 
emission of the paper substrate to approximately 
85% of its original value. Table 4 shows the . 
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Table 4 
Effect of background reduction treatment of the analyte-to- 
background signal ratio and the LOD of some nitrogen hete- 
rocyclic compounds obtained with the LI-RTP sensor. 

Compound” S,:Seh Treated paper: 
LOD‘ 

Untreated Treated (ng ml- ‘) 
paper paper 

7.8.Benzoquinoline 4.4 15.3 53 
Phenanthridine 2.0 17.4 38 
5&Benzoquinoline 4.0 13.9 44 

improvements in the LODs of the NHCs could 
have been obtained by drying each compound at 
its optimum drying time. In addition to 
low-background paper substrates, this possibility 
should be considered in the analysis of samples 
with PAC levels lower than ng mll’. 

4. Conclusions 

” Methanol-water (80-20 v/v) solutions were employed and 
0.1 M TlOAc was used as a phosphorescence enhancer. 
’ Analyte-to-background signal ratio measured at the maxi- 
mum emission wavelength of the analyte (see Table 3). Excita- 
tion wavelength = 337 nm. 
c LODs obtained as those estimated in Table 3. 

The LI-RTP sensor reported here has the po- 
tential to perform determinations of PACs in 
aquatic systems. The spectral characteristics ob- 
tained for six PACs and their AFOMs demon- 
strate the feasibility of the new sensor for 
qualitative and quantitative analyses of unknown 
samples. 

improvement obtained in the analyte-to- 
background signal ratios (S,:‘S,) for the NHCs. 
The LODs estimated on low-background 
filter-paper were from 3 to 7 times lower than 
those reported in Table 3. As expected, no 
modifications were observed to the ,&,/&, of the 
NHCs. The maximum peaks are in agreement 
with those reported in Table 1. Fig. 4 shows the 
RTP emission spectra of phenanthridine on a 
low-background paper substrate. Further 

3.5 

The LI-RTP sensor presents several advantages 
over sensors based on laser-induced fluorimetry. 
Owing to the intrinsic characteristics of the phos- 
phorescence phenomenon, a higher degree of se- 
lectivity should be expected from the LI-RTP 
device. The forbidden nature of the phosphores- 
cence electronic transition [ 18,191 reduces the 
number of potential interferents in the analysis of 
complex mixtures. Furthermore, the long decay 
times of phosphorescence emissions (milliseconds 
to seconds) allow one to time discriminate against 
the interference from fluorescent concomitants, 
fluorescence background and other short-lived 
phenomena such as Raman effects and scattering. 
In the analysis of complex mixtures with several 
phosphorescent concomitants, the selectivity to- 
ward a target compound can be enhanced by 
selective external heavy-atom perturbation (SE- 
HAP) [24]. 

Phenanthridine 

I I I I I I 

450 500 550 600 650 

Wavelength (nm) 

Fig. 4. Laser-induced RTP emission spectrum of a IO-? M 
solution of phenanthridine (methanol -water (SO:20 v/v)) ob- 
tained with the fiber optic sensor using a low-background 
paper substrate. TlOAc (0. I M) was used to enhance phospho- 
rescence emission. Laser excitation wavelength = 337 nm. 

The proposed sensor also presents significant 
instrumental advantages. RTP emission usually 
occurs at longer wavelength regions than fluores- 
cence, which allows the use of low-cost fiber 
optics for measurements beyond 450 nm. The 
measurements of triplet excited state lifetimes (mi- 
croseconds to seconds) require less expensive in- 
strumentation than fluorescence lifetimes, which 
are usually in the nanosecond range. 

We believe that the RTP sensor is an attractive 
approach for field applications. The laser system 
is very simple to operate, relatively small and 
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requries minimum alignment. The design of the 
sensing device minimizes the contact of the ana- 
lyte with quenching species such as oxygen and 
moisture, eliminating the need for the flow of dry 
gas usually employed with conventional instru- 
mentation. By using appropriate heavy-atom 
salts, the A,,, of compounds of interest can be 
shifted to overlap the excitation line of the nitro- 
gen laser. As a consequence, a change in the 
excitation source might be avoided. Synchronous 
excitation techniques [40] can further improve the 
selectivity of RTP analysis. By spotting standard 
solutions on the paper substrates previously im- 
bibed with the sample, on-site identification of 
compounds can be easily performed. Finally, by 
changing the paper substrate in the sample com- 
partment, the LI-SSRTP sensor can be used for 
an infinite number of measurements. This repre- 
sents a valuable feature for the analysis of a large 
number of environmental samples. 
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Abstract 

The concentration of L-lactic acid w-as determined by a combination of flow injection analysis with amperometric 
enzyme sensor detection. The enzyme sensor was prepared by immobilizing lactate oxidase in a layer of polyion 
complex consisting of poly-L-lysine and poly(4-styrenesulfonate). The sensor-based system can be used for the 
determination of L-lactate concentration up to 6 mM with a sampling rate of 120 h&l, and is stable for 8 weeks after 
1000 L-lactate injections. The permselectivity of the polyion complex matrix is effective for reducing the response from 
electrochemical interferents such as L-ascorbic acid, uric acid and acetaminophen. 

Kqwords: Amperometric enzyme sensor; Flow injection analysis; Lactic acid 

1. Introduction 

The accurate, rapid and automatic determina- 
tion of L-lactic acid is necessary in clinical and 
industrial food laboratories. Flow injection ana- 
lyis (FIA) using an amperometric enzyme elec- 
trode as the detector can accomplish this function 
[l]. Previously, we have prepared amperometric 
biosensors by immobilizing enzymes (e.g. lactate 
oxidase (LOD)) into membranes consisting of 
poly-L-lysine-poly(4-styrenesulfonate) complex 
[2,3]. First, an aqueous solution containing an 

* Corresponding author 

enzyme and the polycation was placed on a glassy 
carbon electrode. then an aqueous solution of the 
polyanion was added and dried. The resulting 
L-lactate-sensing electrode showed high perfor- 
mance characteristics such as rapid response 
(100% response, less than 5 s). a wide linear range 
(0.1 PM-0.3 mM), high stability (usable for at 
least 8 weeks) and high selectivity for the analyte. 
The high selectivity originated in the permselectiv- 
ity of the polyion complex membrane; the mem- 
brane was very effective in restricting the 
transport of typical electrochemical interferents 
such as L-ascorbic acid (MW 176), uric acid (MW 
168) and acetaminophen (MW 15 1). whereas that 
of the analyte (MW 90) was not restricted in the 
layer [2]. Hence the interferencial response could 
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be suppressed compared with the response for 
L-lactic acid. 

These characteristics are particularly promising 
for the use of the enzyme electrode in an FIA 
system to determine L-lactic acid in biological 
and food samples. In an FIA system, the dy- 
namic range for determining the analyte can be 
varied by the choice of the measuring conditions 
such as sample volume. The injection of a small 
volume of sample causes the lowering of the 
sample concentration in the flowing stream com- 
pared with the original concentration owing to 
the dispersion of the sample zone [4] which is 
effective for shifting the determinable concentra- 
tion range towards higher levels. When the deter- 
minable range for L-lactic acid becomes as high 
as several millimolar. the system can be used for 
the assay of non-diluted sera; the concentration 
of L-lactic acid in normal sera is around 2 mM. 
This paper describes the determination of L-lactic 
acid in sera and food samples by an FIA system 
using an LOD-polyion complex-coated electrode 
detector. 

2. Experimental 

2.1. Muterials 

LOD (EC number not assigned; from Pedio- 
coccus sp., MW 80 000 [5]; 40 U mgg’), peroxi- 
dase (EC 1.11.1.7, from horseradish, Type VI, 
330 U mg-‘), uricase (EC 1.7.3.3, from Candida 
utilis, Type IV, 10 U mgg’), poly-L-lysine hydro- 
bromide (MW 90 000), and lithium L-lactate 
were obtained from Sigma. Poly(sodium 4-styre- 
nesulfonate) (MW 70 000) was purchased from 
Aldrich. Human sera was obtained from Sigma 
and ICN. Other reagents were of analytical- 
reagent grade (Nacalai Tesque). Deionized, dou- 
bly distilled water was used throughout. 

F-kits (Boehringer Mannheim) were used for 
the spectrophotometric measurement of L-lactic 
acid and L-ascorbic acid. The kit for L-lactic acid 
uses the enzyme pair of lactate dehydrogenase 
(EC 1.1.1.27) and glutamate-pyruvate transami- 
nase (EC 2.6.1.2). The concentration of uric acid 
in serum samples was measured by using uricase 

with the peroxidase-phenoll4-aminoantipyrine 
chromogenic system [6]. 

2.2. Enzyme electrode 

A glassy carbon electrode (Model 1 l-1000, 
Bioanalytical Systems), 0.14 cm* in area, was 
polished with a 0.05 pm alumina slurry, rinsed 
with water and dried. On the electrode surface, 
10 ~1 of 0.04 M potassium phosphate buffer (pH 
7) containing LOD (10 PM) and poly-L-lysine 
(10 mM in the momomer unit), and the same 
buffer solution (6 ~1) containing poly(4-styrene- 
sulfonate) (20 mM in the monomer unit) were 
placed successively. The electrode was then al- 
lowed to dry at room temperature for 24 h. 

2.3. Instrumentation and measuring procedure 

The FIA system employed (Bioanalytical Sys- 
tems) consisted of a PM-60 double-plunger 
pump, an LC-4C potentiostat and an FT-1 ther- 
mostat equipped with a flow-through cell and an 
injection valve. A single-line manifold for the 
FIA was made from 0.25 mm PTFE tubing with 
a distance of 60 cm between the injection valve 
and the flow-through cell. Such a long tube is 
considered to be effective in lowering the sample 
concentration at the flow-though cell due to the 
dispersion of a sample zone [7]. The flow- 
through cell consisted of the enzyme electrode, 
an AglAgCl reference electrode, a stainless-steel 
auxiliary electrode and a PTFE gasket (thickness 
25 pm). A 5 ~1 sample loop was used for inject- 
ing sample solutions, unless stated otherwise. 

A potassium phosphate buffer (0.1 M, pH 7.7), 
which was saturated with air, was used as a carrier 
solution. The flow rate was usually 0.5 ml min ~ ’ . 
The pH of the buffer is close to the optimum pH 
of LOD [2,8]. The potential of the enzyme elec- 
trode was set at 1 V vs. Ag/AgCl. This potential 
was sufficient for the oxidation of the hydrogen 
peroxide produced through the LOD reaction on 
a carbon electrode [9,10]. The temperature of the 
flow-through cell was kept at 30.0 k 0.5”C. When 
not in use, the flow-through cell with the enzyme 
electrode was left at room temperature. 
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3. Results and discussion 

3.1. EfSrc.t of sample t;olume andjlow rate 

The electrode current increased after the addi- 
tion of L-lactic acid to reach a peak and then 
returned the baseline. The relationship between 
the peak current and the L-lactate concentration 
was examined by using 5, 10, 20, 50 and 100~1 
sample loops. The use of a sample loop with a 
small volume was found to be useful for the 
determination of higher concentrations of L-lactic 
acid. Fig. 1 shows typical results obtained by using 
the 5 and 50 ~1 sample loops. The use of the 50 ~1 
sample loop gave a calibration curve whose linear 
region extended only up to 0.5 mM. On the other 
hand, when the 5 ~1 sample loop was employed, a 
linear relationship was obtained up to 2.5 mM and 
a significant increase in the current was still ob- 
served with L-lactate concentrations between 2.5 
and 6 mM. The determinable concentration range, 
up to 6 mM, enables us to apply non-diluted 
serum as the sample. Hence the 5 1~1 sample loop 
was used for subsequent examinations. 

Fig. 2 shows the effect of the flow rate on the 
peak current for 1 mM L-lactic acid and the time 
for reversion to the baseline. Both the current 
response and the baseline reversion time de- 
creased with increasing flow rate, first rapidly and 
then more gradually. The decrease of the current 

5 10 
~-Lactate concentration/ mM 

Fig. I. Calibration graphs for L-lactic acid obtained by using 

(C) 5 ~1 and (0) 50 ,ul sampling loops. 

01 ’ I I I I I 
O-2 O-4 06 O-8 10 

Flow rate I mlmui' 

Fig, 2. Erect of flow rate on (a) the peak current for 1 mM 
L-lactic acid and (0) the baseline reversion time. 

peak results from the increase in the dispersion of 
the sample in association with the increase in flow 
rate [4]. For subsequent measurements, the flow 
rate was set at 0.5 ml min-‘. In this condition, the 
travel time and the baseline reversion time were 
10 and 30 s, respectively. These values agreed with 
those obtained from the semi-empirical model of 
Vanderslice et al. [7], where the detector response 
has been assumed to be very fast. The baseline 
reversion time provided a maximum sampling rate 
of ca. 120 h- ‘. 
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Fig. 3. Current-time curves for the addition of (a) 1 mM 
L-lactic acid, (b) 0.2 mM hydrogen peroxide, (c) 1 mM L- 

ascorbic acid. (d) 0.2 mM uric acid, (e) 1 mM acetaminophen, 
(f) 1 mM NADH, (g) 2 mM L-lactic acid and (h) a mixture of 
2 mM L-lactic acid, 0.05 mM L-ascorbic acid and 0.2 mM uric 
acid. 
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Table 1 
Comparison of results obtained for L-lactic acid in sera by 
different methods 

Sample 
no.” 

Proposed method F-kit method 

L-Lactate RSD L-Lactate 
concentration ((!/;I) concentration 
(mM) @Ml 

1 2.80 1.5 2.15 
2 1.75 1.1 1.71 
3 2.07 1.3 2.01 

a The concentrations L-ascorbic acid and uric acid were deter- 
mined to be 0.03 and 0.14 mM for the serum I, 0.04 and 0.12 
mM for the serum 2 and 0.04 and 0.18 mM for the serum 3. 

The detection limit at the standard sample vol- 
ume and flow rate was 20 PM (signal-to-noise 
ratio = 5). The relative standard deviation for 100 
successive measurement of 2 mM L-lactic acid was 
1.4%. 

gcn pcroxidc): the ratios of the rcsponsc for the 
interferent to that for the same concentration of 
L-lactic acid were 0.25, 0.35 and 0.55 for L-ascor- 
bic acid, uric acid and acetaminophen, respec- 
tively. The small ratio between the interferent and 
the analyte responses (or that between each elec- 
troactive species with a molecular weight higher 
than 150 and hydrogen peroxide (MW 34) sug- 
gests that the polyion complex layer shows 
permselectivity based on the solute size. The 
permselectivity of the polyion complex-based 
membranes has been proved as follows [2,3]. The 
ratios of anodic current response on the mem- 
brane-covered electrode to that on a bare glassy 
carbon electrode were measured for a variety of 
electroactive species whose molecular weights 
ranged from 30 (hydrazine) to 665 (NADH). The 
ratio was >0.5 for the electoactive species having 
molecular weights < 100 and decreased sharply 
with molecular weights > 100 (to 0.23 for hydro- 
quinone (MW 110) and 0.03 for L-ascorbic acid). 

3.2. Response for L-luctic acid und interferents 

Curves a-f in Fig. 3 show the current responses 
after the injection of L-lactic acid, hydrogen perox- 
ide, L-ascorbic acid, uric acid, acetaminophen and 
NADH (the concentration was 0.2 mM for hydro- 
gen peroxide and uric acid and 1 mM for the other 
species), respectively. The peak current for hydro- 
gen peroxide was several times larger than that for 
the same concentration of L-lactic acid. The L-lac- 
tic acid introduced in the flow-through cell would 
be partially consumed on the solution side in the 
LOD-polyion complex membrane. This brings 
about a decrease in the concentration gradient of 
the hydrogen peroxide produced through the LOD 
reaction near the glassy carbon electrode, which 
results in a smaller response to the injection of 
L-lactic acid than in the case of hydrogen peroxide. 

The concentrations of L-lactic acid, L-ascorbic 
acid, uric acid and acetaminophen in normal sera 
are around 2, 0.05, 0.2 and 0 mM, respectively. 
Hence the current change caused by the interfer- 
ents is expected to be 4% for measureing L-lactate 
concentration in the sera. Curves g and h in Fig. 3 
show the current response for 2 mM L-lactic acid 
and for the mixture of 2 mM L-lactic acid, 0.05 
mM L-ascorbic acid and 0.2 mM uric acid, respec- 
tively. The injection of the mixture actually gave a 
4% excess peak current compared with the pure 
L-lactate solution, as shown in Fig. 3. Hence, the 
present system is expected to be useful for the assay 
of L-lactic acid in normal sera with an error of 
within a few per cent. 

3.3. Determination of L-lactic acid in seru and 
sour milks 

The injection of L-ascorbic acid, uric acid and Table 1 gives the results for the determination of 
acetaminophen brought about discernible current L-lactic acid in three kinds of normal sera. Each 
responses, indicating that these species interfere in serum was used without dilution and was injected 
the measurement of L-lactic acid, whereas NADH, 10 times. The concentration was determined from 
having a much higher molecular weight (665) did the average value of the peak current for the 10 
not give a discernible response. However, the measurements. The relative standard deviation for 
current response for each interferent was much each set of 10 measurements was within those 
smaller than that for L-lactic acid (and for hydro- obtained by the F-kit method. 
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Table 2 
Comparison of results obtained for L-lactic acid in sour milks 
by different methods 

Sample 
no.a 

L-Lactate concentration 

Proposed F-kit 
method method 

I 63.8 61.4 
2 74.6 73.0 

3 53.3 53.6 

4 87.9 86.1 

5 72.4 74.4 

6 55.0 54.6 

7 61.0 60.4 

8 89.2 88.9 

9 71.7 73.2 

10 15.9 27.8 

a The concentration of L-lactic acid in each sample was less 
than 1 mM. 

The FIA system was also used for the determi- 
nation of L-lactic acid in sour milks. Ten kinds of 
sour milks were used (each sample was diluted 
50-fold with 0.1 M phosphate buffer (pH 7.7)) 
and the results were compared with those ob- 
tained with the F-kit method. The agreement was 
excellent (Table 2); the regression equation be- 
tween the results obtained with the FIA (x in 

0 ’ 
I 1 L I I I 

0 10 20 30 40 50 60 

Days 

Fig. 4. Long-term stability of the enzyme electrode-based 
system. The electrode response for 1 mM L-lactic acid was 
measured 30 times a day. The average value for the 30 
measurements is plotted against the number of days after the 
preparation of the enzyme electrode. 

mM) and those with the F-kit method 0, in mM) 
was y = 0.975x + 1.078 and the correlation co- 
efficient was 0.991. 

These results show that the present FIA system 
is useful for the simple and rapid determination of 
L-lactate concentration in non-diluted sera and 
(diluted) sour milks. 

3.4. Stability of the sensor 

The long-term stability of the enzyme electrode- 
based system was examined by determining 1 mM 
L-lactic acid 30 times a day on each day for 8 
weeks. More than 1000 L-lactate injections were 
performed during this period. The system could 
be used even at the end of the eighth week. The 
average value for 20 measurements did not de- 
crease for 3 weeks, as shown in Fig. 4. The 
current response gradually decrease after 3 weeks, 
but the current response on the 56th day was still 
more than 50% of the initial value. The relative 
standard deviation for the 30 measurements was 
within 1.5% on each day for the first 3 weeks, and 
increased slightly after 3 weeks to 2.5% on the 
56th day. The present system thus showed a high 
stability. 

High biocompatibility is another attractive fea- 
ture of polyion complex membranes [l 11. For 
example, the adhesion of platelets on a glass plate 
could be suppressed by coating the surface with a 
polyion complex [12]. The enzyme-polyion com- 
plex detector would therefore be useful for deter- 
mining L-lactic acid in whole blood. Such an 
examination will be carried out in near future. 
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Abstract 

A chelating ion-exchange resin (I-hydroxy-2-naphthaldoxime-formaldehyde polymer) containing nitrogen and 
oxygen donor atoms was prepared and characterized. The resin behaves as a selective chelating ion exchanger for 
some metal ions. The poly(viny1 chloride)-based membrane electrode of the resin shows a Nernstian response for Ni2+ 
over a wide concentration range (2.94 x 103-5.87 x lo3 mg dmP3) between pH 3.0 and 7.5. The electrode is found to 
possess adequate stability and specific selectivity with a response time of 10 s. The sensor can also be used in a 
partially non-aqueous medium having a 35% (v/v) non-aqueous content. 

Kepords: Chelating ion-exchange resin; Membrane sensor; Nickel(H) 

1. Introduction 

Ion-exchange resins incorporating oxime and 
hydroxyoxime functional groups form an impor- 
tant class of polymeric ligands because of their 
strong chelating properties. The selectivity of a 
hydroxime resin prepared from substituted phenyl- 
acrylate polymer has been reported by Walsh et al. 
[ 11. Resacetophenone oxime, after condensation 
with formaldehyde, forms a resin [2] which is 
highly selective to Cu(I1) ions. A number of com- 
pounds having 2-hydroxyacryloximes [3] have been 
impregnated in polymeric matrices and these find 
extensive applications in the hydrometallurgy of 
Cu(II). 

* Corresponding author 

This class of compound, i.e. chelating ion-ex- 
change resins, are found to possess specific selec- 
tivity for some metal ions and play an improtant 
role in separation processes. Recently we have 
reported the utility of salicylaldoxime-formalde- 
hyde resin membranes for the estimation of zinc 

[41. 
In this paper we report the electroanalytical 

applicability of a l-hydroxy-2-naphthaldoxime- 
formaldehyde (HDF) resin membrane as a nickel 
ion sensor. The proposed sensor has very good 
selectivity for nickel over other cations. 

Relatively few reports have appeared on the 
development of membrane sensors for nickel ions. 
Most of these involve an electroactive phase such 
as nickelLdimethylglyoxime complex [5,6], nickel 
phosphate [7] or nickel bis(2-ethylhexyl)phosphate 
[7,8]. Some liquid membrane electrodes in- 

0039-9140/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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volving 0,0’-diisobutyl dithiophosphatonickel(I1) 
[9], nickel, 8-quinolinedithiocarboxylate [lo], etc., 
in appropriate solvents, have also been tried for 
the estimation of nickel but most of these suffer 
from interference by metal ions which may be 
present as routine contaminants. The sensor re- 
ported in this paper can be prepared easily and 
exhibits much better selectivity for Ni2+ than that 
reported earlier. 

Although the resin mentioned above shows a 
selective uptake of some metal ions in the se- 
quence Fe2+ > Pb2+ > Ni2+ > Zn2+ > Pd2+, the 
membrane selectivity does not necessarily follow 
the same pattern and is different to the pure 
material owing to the application of neutral 
binders, incorporated during fabrication. The 
presence of binding material affects the conduc- 
tance of the membrane, which is an additional 
parameter of the sensor affecting the selectivity in 
comparison with the electroactive phase taken in 
the pure state. 

2. Experimental 

2.1. Reagents 

All chemicals were of analytical-reagent grade. 
Solutions were prepared in doubly istilled water. 

2.2. Synthesis and characterization of the resin 

The procedure followed for the synthesis of the 
resin was similar to that followed for salicylal- 
doxime-formaldehyde and other compounds of 
the same series [I 11. The procedure provides a 
product having optimum separation potential. 

1-Hydroxy-2-naphthaldehyde (0.05 mol) was 
converted into the corresponding oxime using hy- 
droxylammonium chloride and doubly distilled 
ethanol. I-Hydroxy-2-naphthaldoxime was then 
mixed with formaldehyde in the molar ratio 1:4.2 
and 3% (w/w) of 40% sodium hydroxide solution 
was added as a catalyst. The mixture was heated 
under reflux in an oil-bath at 115 k 1°C for 7 h. 
The resinous mass obtained was poured into a 
container and dried at 100 + 1°C for 10 h. The 
black granular resin obtained was powdered and 
sieved. 

On the basis of elemental analysis (found, C 
72.19, H 4.94, N 6.96; theoretical, C 72.00, H 
5.00, N 7.00%) and infrared spectrometry the 
following structure of the repeating unit has been 
assigned to the product used as the electroactive 
phase: 

The number-average molecular weight of the 
resin as determined by vapour-phase osmometry 
in tetrahydrofuran (THF) at 30°C was 2625. Dif- 
ferential scanning calorimetric (DSC) scans of the 
resin showed a melting temperature of 120°C and 
a decomposition temperature of 280°C. Ther- 
mogravimetric analysis showed no mass loss in 
the region of lOO”C, thereby indicating no mois- 
ture absorption. Major mass loss (31.5%) took 
place in the range 300-400°C and the breakdown 
of the polymer was observed at 500-600°C. The 
char yield obtained at 600°C was 12%. 

2.3. Preparation of membranes 

A heterogeneous membrane of this compound 
was prepared using PVC as binder material and a 
1: 1 mixture of the two was dissolved in THF. The 
resulting solution was stirred well and poured into 
a casting glass ring on a glass plate and the THF 
was evaporated at room temperature. A mem- 
brane sheet about 0.05 mm thick and 6 mm in 
diameter was cut away from inner edge and glued 
to one end of a Pyrex glass tube with Araldite. 
The process was optimized, after detailed prelimi- 
nary investigations, so that the membrane gener- 
ates reproducible potentials and the fabrication of 
membranes was carefully controlled to have 
batch-to-batch reproducibility. 

2.4. Potential measurement 

The membrane was equilibrated in 1.00 mol 
dmp3 nickel ammonium sulphate solution for 4 
days, the time after which it generates repro- 
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ducible, noiseless and stable potentials when inter- 
posed between the test solution and an internal 
reference solution of 0.100 mol drn-’ concentra- 
tion. Potentials were measured, as reported earlier 
[12], at 25 f 1°C by direct potentiometry with the 
help of ceramic junction calomel electrodes and a 
saturated ammonium nitrate bridge. The measure- 
ment of potentials was made from low to high 
concentrations to avoid memory effects. The ionic 
strength of various solutions was maintained us- 
ing NH,NO, (lo-’ mol dm -‘) and pH adjust- 
ments were made with dilute acid or hexamine. 
The standard deviation of about 20 measurements 
was 0.2 mV. 

2.5. Evaluation of selectivity coef$cient 

The potentiometric selectivity of the membrane 
was evaluated in terms of selectivity coefficients 
obtained by a mixed solution (fixed interference) 
method (as recommended by IUPAC). 

2.6. Conductance measurement 

The conductance of the membranes (in different 
cationic forms) was measured by the modified 
method adopted by Lakshminarayanaiah et al. 
[13], which makes use of a mercury pool on both 
sides of the membrane to minimize polarization at 
the membrane interface. The membrane was ce- 
mented between two Pt electrodes with epoxy 
resin and kept in contact with electrolyte solution 
of 0.1 mol dm- 3 concentration. The solution was 
then replaced by mercury previously equilibrated 
with the electrolyte solution of the same concen- 
tration and the conductance was measured by 
connecting the platinum electrodes to a conduc- 
tance bridge. 

3. Results and discussion 

The static response time of the proposed mem- 
brane electrode is about 10 s over the entire 
working concentration range and the potentials 
remain constant for more than 3 min, after which 
a very slow divergence is observed. Under labora- 
tory conditions, if the membrane is properly 
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Fig. 1. Variation of membrane potential with (a) concentra- 
tion/activity of nickel ions (taken as nickel ammonium sul- 
phate) and (b) constant ionic strength. 

stored in distilled water and if cross-contamina- 
tion is avoided, it can be used for 2 months 
without observing any drift in potential. There- 
after it can be regenerated or else a new mem- 
brane can be fabricated and used. 

The potential response of the membrane ob- 
tained with pure solutions is illustrated in Fig. 
l(a). It is observed that the membrane electrode 
can measure Ni2+ ions in the range 2.35 x 103- 
5.87 x lo3 mg dm-’ (4.00 x 10-5~0.1 mol dmp3) 
as per IUPAC recommendations and it also ex- 
hibits Nernstian behaviour (slope 28.50 mV per 
decade of concentration). Activity coefficients of 
solutions were obtained with the extended form of 
the Debye-Htickel equation and a potential vs. 
activity plot is also shown in Fig. l(a). The work- 
ing pH range of the sensor is 3.0-7.5 (Fig. 2). Fig. 
l(b) depicts the potential vs. [Ni’+] relationship 
obtained at constant ionic strength. 

The performance of the proposed sensor system 
was also investigated in partially non-aqueous 
media using water-methanol and water-ethanol 
mixtures. The membrane works well in a partially 
non-aqueous medium up to a maximum of 35% 
(v/v) non-aqueous content (data not shown) with- 
out any change in the working concentration 
range or slope. However, at larger non-aqueous 
contents ( > 35%) the slope and working concen- 
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Fig. 2. Variation of membrane potential with pH. 

tration range decrease appreciably. It was also 
possible to use the membrane as an indicator 
electrode for the potentiometric titration of nickel 
ions. Fig. 3 depicts the titration of 10 cm3 of 
1.00 x lop4 mol drn-’ Ni2+ ions with 1.00 x lop3 
mol dm-’ EDTA solution. The necessary adjust- 
ment of pH was made before adding the titrant. A 
sharp inflection point and perfect stoichiometry 
are noteworthy features of this titration. 

The performance of an electrode is judged by 
the selectivity for the determinand ion in presence 
of foreign ions. The selectivity pattern of mem- 
branes fabricated with the help of an inert binder 
is usually different to that of pure membrane 
material. Table 1 presents the conductance data 
for the membrane embedded with different 
cations (it is not possible to obtain conductance 
data for pure polymeric resin). The magnitude of 
the conductance (Table 1) amply justifies its appli- 
cation as an ion-selective electrode especially for 

60 
0.0 

I I I 
0.5 1.0 1.5 
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Fig. 3. Titration of 10 ml of 1.00 x IO -’ mol drn-’ Ni’+ ions 
with 1.00 x IO-’ mol drn-’ EDTA solution. 

Table I 
Specific conductance of PVC-based I-hydroxy-2-naphthal- 
doximeeformaldehyde polymer membranes in different 
cationic forms 

Cation Specific conduc- Cation Specific conduc- 
tance tance 
(IO’ milli mhos (lo* milli mhos 
cm-‘) cm-‘) 

Li+ 2.8 Ni’t 5.8 
Na- 2.5 Mn’+ 3.6 
Ea:+ 2.8 3.8 Zn2+ Cd’+ 3.6 5.4 

Sr’+ 4.8 Al’+ 3.8 
Mg’+ 4.8 Fe?+ 4.2 
Pb*+ 5.2 

the estimation of Ni2+. 
The selectivity coefficient values (Fig. 4) of a 

number of other ions in comparison with nickel 
were obtained at an interference level of lop2 mol 
dmp3. The membrane exhibits excellent selectivity 
for nickel ions and no interference is observed 
from normal interferents such as Zn*+, Cd2+, 
co2+ and Pb2+, even at this high concentration. 
Some monovalent cations register high selectivity 
coefficients and may cause some disturbance in 
the operation of this electrode at higher concen- 
trations. To obtain a true assessment and toler- 
ance limits of the sensor for the ions mentioned, 
above some mixed runs, i.e. monitoring of the 
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Fig. 4. Selectivity coefficients (log !$“A) at 1.00 x IO-’ mol 
dm-’ concentration of interfering ions with respect to Ni’+ 
ions. 
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sensor potential vs. conc&tration, were made 
with Ni’+ ions in contact with different concen- 
traions of the interferents. The data (Fig. 5) reveal 
that Na+ starts to interfere even at lop4 mol 
dmV3 and the linearity range and the slope de- 
crease, whereas with K+ significant interference is 
only observed at lo-’ mol drn-‘. Other multiva- 
lent ions would normally not interfere unless 
present at very high concentrations, a situation 
which is hardly met. 
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4. Conclusion 

Chelating ion-exchange resins provide a suit- 
able matrix for the fabrication of membrane sen- 
sors. 1 - Hydroxy - 2 - naphthaldoxime ~ formalde - 
hyde polymer membrane exhibits promising selec- 
tivity for Ni’+ ions and the proposed sensor can 
be used to estimate nickel over a wide concentra- 
tion range. 
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Determination of doxorubicin hydrochloride by 
visible spectrophotometry 

Chilukuri S.P. Sastry *, Jana S.V.M. Lingeswara Rao 

Abstract 

Four simple and sensitive visible spectrophotometric methods (A-D) have been described for the assay of 
doxorubicin hydrochloride either in pure form or in pharmaceutical formulations. Method A was developed based on 
oxidation of the drug with Fe(III) to produce Fe(lI). uhich subsequently reacts with l.IO-orrho-phenanthroline to 
form a red colored complex (i,,,,,: 510 nm) at pH 4.6. Method B involves the reduction of FolinCiocalteu (F-C) 
reagent by the drug and the reduced species formed possesses a characteristic intense blue color (i,,,,,: 770 nm). In 
methods C and D. oxidation of the drug with periodate at specified experimental conditions yields formaldehyde and 
dialdehyde, which in turn react either with 3-methyl-1-benrothiazolinone hydrazone hydrochloride to form an 
intensely brilliant blue cationic dye (i,,,,,: 620-670 nm. method C) or by condensation with phenylhydrazine 
hydrochloride (PHH) to form orange-red colored product (j,,,.,,: 510 nm. method D) in the presence of potassium 
ferricyanide. All of the variables have been optimized and the reaction mechanisms presented. The concentration 
measurements are reproducible within a relative standard deviation of I .O”%. 

Kqvwrrl.~: Doworublcin hydrochloride determination; Visible spectrophotometrq 

1. Introduction 

Doxorubicin hydrochloride (DXH) is an anti- 
cancer agent, widely used in acute lymphocytic 
leukemia and various carcinomas. It is chemically 
known as (8S-cis)-5, 12-naphthacenedione, 1 O- 
((3-amino-2.3,6-trideoxy-~-lyxo- hexopyranosyl) 
oxy)-7,8,9.10-tetrahydro-6.8.11 -trihydroxy-8-(hy- 

* C.orresponding author. 

droxyl acetyl)- 1 -methoxy hydrochloride and is 
official in the United States Pharmacopoeia [l]. 
Only a few methods, such as fluorimetry [2,3]. 
voltametry [4], differential polarography [5], liq- 
uid chromatography [6.7], thin layer chromatog- 
raphy [8.9] and high pressure liquid 
chromatography [lo- 151 have been reported for 
its determination in biological fluids and in 
dosage forms. However, there is no report on 
visible spectrophotometry except a qualitative test 
with aerosol samples containing DXH [16]. Even 
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though the drug is colored, its aqueous solution 
possesses an i.,,,, value at 500 nm with a low E,,,~,, 
value of 2.60 x IO’. It is not sensitive enough to 
carry out estimations in microamounts. Hence 
there is a need for the development of sensitive 
methods for its determination by exploiting suit- 
able chromogenic reagents for color development. 
The properties of the analytically important func- 
tional groups of DXH have not been exploited so 
far in the design of sensitive, accurate and flexible 
visible spectrophotometric methods for the deter- 
mination of DXH in pharmaceutical formula- 
tions. So the authors have made some attempts in 
this direction and succeeded in developing four 
visible spectrophotometric methods by exploiting 
different structural features of the drug molecule. 

Ferric ammonium sulphate or ferric chloride 
plays a prominent role in the calorimetric deter- 
mination of organic compounds. Acting as an 
oxidant, ferric salt converts into ferrous salt and it 
can be detected easily by the usual reagent for 
divalent iron. ortho-phenanthroline (PTL) [ 171, 
bipyridyl or triazine [I 81, etc. Phosphomolybdo- 
tungstic acid, the well-known Folin- Ciocalteu 
reagent [19] was preferred by number of re- 
searchers for the determination of drugs contain- 
ing phenolic or amino groups [20]. r-Ketols or 
r-amino-01s are oxidized by periodic acid, liberat- 
ing formaldehyde as one of the products [21.22]. 
Sawicki et al. [23] suggested 3-methyl-2-benzothia- 
zolinone hydrazone hydrochloride (MBTH) as a 
sensitive reagent for the determination of 
formaldehyde and other aldehydes. The Schryver 
reaction describes the estimation of formaldehyde 
with phenylhydrazine hydrochloride (PHH) in the 
presence of ferricyanide [24]. We have applied the 
above four reagents (Fe(IlI);PTL. F-C, NaIO, 
MBTH and NaIO,iPHH) for the determination 
of DXH in pure and pharmaceutical preparations. 

2. Experimental 

2.1. Insfrunwn fs 

A Systronics 106 digital spectrophotometer 
(Hyderabad) with 1 cm matched glass cells and an 
Elico LI- 120 digital pH meter (Hyderabad) were 
used. 

2.2. Rtwgtw fs 

All of the chemicals were of analytical reagent 
grade and all of the solutions were prepared with 
double-distilled water. Freshly prepared solutions 
were always used. 

Fe(II1) solution (2.0 x 10 ’ M) was prepared 
by dissolving 0.96 g of ferric ammonium sulphate 
dodecahydrate (E. Merck) in 10 ml of concen- 
trated HCl and made up to 100 ml with distilled 
water. F-C reagent (2.0 N). supplied by Loba 
Chemie Company was used directly for investiga- 
tion. 

Aqueous solutions of PTL (Burgoyene, 1.38 x 
10 ’ M), Na,CO, (Sarabhai, 9.40 x lo- ’ M), 
NaIO, (BDH, 9.35 x 10-j M. for method C. and 
4.0 x lo- ’ M in 0.3 M HCl, for method D), 
MBTH (Fluka. 8.55 x 10 ’ M), acetic acid 
(Qualigens, 3.5 M), PHH (Loba Chemie, 2.76 x 
10 ’ M) and potassium ferricyanide (Loba 
Chemie. 1.21 x 10 ’ M) were prepared. A buffer 
solution was prepared by mixing equal volumes of 
0.2 M acetic acid and 0.2 M sodium acetate and 
the pH of the solution was adjusted to 4.6. 

2.3. Pwparation of’ stundurd drug solution 

A I mg ml ’ solution was prepared by dissolv- 
ing 100 mg of pure DXH in 100 ml of distilled 
water and this stock solution was diluted stepwise 
with distilled water to obtain the working stan- 
dard solutions of concentrations 20, 100 and 200 
jig ml ’ for methods A and C. B, and D respec- 
tively. 

2.4. Rrconwmded procrduws 

2.4.1. Method A 
Aliquots of 0.5-5.0 ml of the standard drug 

solution (20 ,~g ml ‘) were transferred into a 
series of 25 ml calibrated flasks and then solutions 
of 0.5 ml of Fe(III), 2.0 ml of PTL and 4.0 ml of 
pH 4.6 buffer were added to each flask succes- 
sively. The flasks were heated on a boiling water 
bath for 30 min. The solutions were then cooled 
to the laboratory temperature and made up to the 
mark with distilled water. The absorbance values 
of the final colored solutions were measured at 



510 nm within the stability period (l-60 min) 
against a reagent blank prepared in a similar 
manner but omitting the drug solution. The 
amount of drug was computed from a Beer-Lam- 
bert plot. 

2.4.2. Method B 
Aliquots (l.OG6.0 ml, 100 /cg ml ‘) of the 

standard DXH solution were taken into a series 
of 25 ml calibrated tubes. Then 2.0 ml of F-C 
reagent and 9.0 ml of Na,CO, solution were 
added successively and kept aside for 10 min at 
laboratory temperature. The solution was made 
up to the mark with distilled water and the ab- 
sorbance of the solution was measured at 770 nm 
against a reagent blank prepared simultaneously 
within the stability period (5 min-5 h). The drug 
content was read from the calibration graph. 

2.4.3. Method C 
To a series of 25 ml standard flasks containing 

0.554.0 ml of standard drug solution (20 /lg 
ml-‘), 1.0 ml each of NalO, (9.35 x 10 ’ M) and 
acetic acid (3.5 M) were added. The total volume 
in each flask was brought to 10 ml with distilled 
water and kept in a boiling water bath for 15 min. 
After that 1.0 ml of MBTH solution was added 
and heated further for l-2 min. It was later 
cooled and diluted to 25 ml with distilled water. 
The absorbance was measured at 620-670 nm 
against a reagent blank within the stability period 
(l-45 nm). The amount of DXH was computed 
from the Beer-Lambert plot. 

2.4.4. Method D 
Aliquots of the standard drug solution (0.552.5 

ml, 200 pg ml ~ ‘) were taken into a series of 25 ml 
calibrated flasks. Then 1.0 ml of NalO, (4.0 x 
10 p2 M) was added and the solutions were al- 
lowed to stand for 30 min at room temperature. 
Later 1.5 ml of PHH solution and 1.0 ml of 
potassium ferricyanide solution were added suc- 
cessively and the solution was chilled in ice water 
for 5 min. Finally 5.0 ml of concentrated HCl was 
added and made up to the mark with methanol. 
The absorbance values were measured against a 
reagent blank at 510 nm within the stability pe- 
riod (1~ 15 min). The amount of DXH was com- 
puted from the calibration graph. 

2.4.5. Anulysis o~‘phurmuceutical formulations for 
methods A and B 

An accurately weighed amount of injection 
powder (vial) equivalent to 100 mg of DXH was 
dissolved in 100 ml of distilled water. This stock 
solution was further diluted to working standard 
solutions (20 118 ml ‘, for method A and 100 pg 
mll’: for method B) with the same solvent and 
was analyzed under the procedures described for 
pure samples. 

2.4.6. AnulJssis of‘ pharmaceutical ,f;7rrnulations for 
methods C und D 

An accurately weighed amount of injection 
powder equivalent to 100 mg of the drug was 
extracted with isopropyl alcohol (2 x 15 ml) and 
filtered. The combined filterate was evaporated to 
dryness and the residue was dissolved in 100 ml of 
distilled water to achieve a concentration of 1 mg 
ml- ‘. This solution was further diluted stepwise 
with distilled water to working standard solutions 
(20 ilg ml ‘, for method C and 200 /lg ml-‘, for 
method D) and analysed under the procedures 
described for pure samples. 

To compare the results obtained by the pro- 
posed procedures (A-D), an alternative or a ref- 
erence procedure is necessary. A simple method 
has been developed as a reference method in our 
laboratory based on the earlier report [16] that the 
drug forms blue colored chromogen with NaOH. 

2.4.7. Procedure ,fbr wference method 
To each aliquot (0.5-4.0 ml, 50 pg ml - ‘) of 

the aqueous solution of DXH (pure or formula- 
tion), 0.2 ml of 1.0 M NaOH was added and 
made up to 10 ml with methanol. The absorbance 
of the colored solution was measured at 560 nm 
during the stability period (1 -- 15 min). The 
amount of the drug was computed from its Beer- 
Lambert plot. 

3. Results and discussion 

The optimum conditions for the development 
of the methods (A-D) were established by vary- 
ing the parameters one at a time [25] and keeping 
others fixed, and observing the effect produced on 
the absorbance of the colored species. 



In order to establish the experimental condi- 
tions in method A, DXH was allowed to react 
with Fe(III) in the presence of PTL. The effect of 
the reagent concentrations (Fe(II1) and PTL). vol- 
ume of buffer, temperature, time and order of 
addition of reagents were studied by means of 
control experiments. Optimization experiments re- 
veals that the solutions of 0.5 ml of Fe(II1) and 
4.0 ml of buffer (pH 4.6) were necessary to attain 
the maximum color development. A volume of 2.0 
ml of PTL solution and a heating time of 30 min 
on a boiling water bath were found to be optimal. 
The order of addition of the reagents has no effect 
on the absorbance of the colored species, 

In order to establish the optimum volume of 
Na,CO, solution in method B. the drug was 
allowed to react with F--C reagent in the presence 
of 10% NalCO, solution ranging from l.O- 14.0 
ml. Constant absorbances were obtained with 
8.0~10.0 ml; hence 9.0 ml was chosen. A volume 
of 2.0 ml of F-C reagent was found to be opti- 
mal. An increase in the volume of F-C reagent 
( > 2.0 ml) led to the precipitation. If the order of 
addition of the reagents (Na,CO, and F-C). was 
reversed, the color was not noticed. Maximum 
color intensity was attained within 5 min after the 
addition of Na,CO, solution and the colored 
product was stable for 5 h. 

The influence of reagent concentrations (NaIO, 
and MBTH), temperature, volume of acid, heat- 
ing time and order of addition of reagents with 
respect to maximum sensitivity, minimum blank, 
adherence to Beer’s law and stability in method C 
were studied through control experiments. .4 vol- 
ume range of 0.9- 1.2 ml of NalO, (9.35 x 10 ’ 
M) was found to produce constant and repro- 
ducible absorbance values. So 1.0 ml of NaIO, 
was used in the procedure. A volume of 1.0 ml of 
acetic acid and 1 .O ml of MBTH were found to be 
necessary. A heating time of 15 min on a boiling 
water bath was required to produce maximum 
color development. 

The influence of the concentration of NaIO, 
and the effect of oxidation time on color forma- 
tion in method D has been optimized. The ab- 
sorbances of the colored species remain constant 
within the volume range of 0.5- 1.5 ml of NaIO, 
(4.0 x 10 ’ M) and beyond the oxidation time of 

30 min at room temperature. Hence 1.0 ml of 
NaIO, and an oxidation time of 30 min were 
selected for further work. A volume of 1.5 ml of 
PHH and 1.0 ml of potassium ferricyanide were 
found to be optimal. In the preparation of NaIO, 
solution, 0.3 M HCl was required. A minimum 
time of 5 min was found to be necessary for 
cooling in ice water prior to the addition of 
concentrated HCI. Maximum color intensity was 
attained within 2 min after the addition of 
methanol and the product was found to be stable 
up to 15 min after the attainment of maximum 
intensity. 

The above optimum experimental conditions 
were incorporated in the recommended proce- 
dures for color development. Beer’s law was found 
to be valid over the concentration ranges given in 
Table 1 at appropriate &;,, values (Fig. 1). 

The earlier report on the color test for DXH 
with NaOH in aerosol sample mentions the use of 
the solvent, dimethylsulphoxide (DMSO). How- 
ever. in our systematic study of the effect of 
solvent (water. DMSO, dimethylformamide, 
methanol, acetic acid or 1,4-dioxane) in the DXH 
and NaOH reactions, methanol has been found to 
be superior when compared to other solvents with 
respect to maximum absorbance and stability. SO 
in the reference method, the procedure mentioned 
above has been adopted. The sensitivity and preci- 
sion data for this method is shown in Table 1. 

The Beer’s law limits. molar absorptivity, 
Sandell’s sensitivity, detection limits [26], regres- 
sion equation and correlation coefficients ob- 
tained by least squares treatment of these results 
are given in Table 1, The precision of each 
method was tested by analyzing six replicate sam- 
ples containing 2.8, 16.0, 2.0 and 16.0 pug ml-’ of 
pure drug for methods A, B, C and D respec- 
tively. The percent standard deviation and the 
percent range of error at 95%) confidence level of 
each method are given in Table 1. 



Table I 
Optical and regression characterlstlc\. preckion and accuracy of the proposed and reference methods 

Parameters Methods 

4 B c D Reference 

k, (nm) 510 770 620-m670 510 560 
Beer’s law hmits (,ug ml -‘I 0.4-4.0 3.0 24.0 0.4-3.2 2.0-20.0 2.5-20.0 
Detection limits (/lg ml ‘1 0.034 0.22 0.086 0.42 0.18 
Molar absorptivity (I mol ’ cm ‘) I .07 x IO’ I .45 x IOJ 6.0 x IO’ 7.0 x IO4 1.24 x IO4 
Sandell’s sensitivity (icg g’ 0.001 absorbance umt) 5.6x IO ’ 4.0 x IO 2 9.6 x 10 ' 2.x x lo-' 3.6 x lo-' 
Regression equation ( YY’ 

Slope (h) 1.Xx10 ’ 2.4 x IO 2 1.0x10 ’ 2.0x lo-’ 2.2 x lo-’ 
Standard deviation on slope (.\h) 9.5 x IO 4 I.51 x 10 ’ 1.07 x IO i 3.74 x IOmJ 3.08 x 1om4 
Intercept (0) 3.1x10 i 2.1 x 10 2 -3.43x IO-” 3.43 x IO- 2 -5,.1x 10~ ’ 
Standard deciatlon on Intercept (.\,,) 2.3 x IO ; 2.36 x IO- ’ 2.0x IV1 4.96x IO ’ 3.7x lo-' 
Standard error of estimation (se) 2.Y7x IO-’ 2.53 x IO i 7.52x IO 1 4.74x IO-‘ 4.4x lo-’ 
Correlation coefficient (v I 0.9999 OYY9Y 0.9997 0.9998 0.9995 

Relative standard deviation (“L)” 0.58 0 44 0.65 0.70 0.63 
Percent range of error (95’1 I~ confidence limit) 0.60 0.46 O.hR 0.73 0.73 

” Y= rr+hC‘ where C. is the concentration in jig ml ’ and I’ is the absorbance units. 
h Six replicate samples tconcentrations of 2.X. 16. 2. I6 and I5 i!g ml ‘. of pure drug for methods A. B, C, D and reference 
respectivel! I 

The interference studies in the determination of 
DXH in pharmaceutial formulation revealed that 
the normally existing excipients and additives like 
starch. lactose. talc. stearic acid. boric acid, 
gelatin, magnesium carbonate and sodium lauryl 
sulphate were found not to interfere even when 
present in excess (I-200 fold) in methods A and 
B. But in the case of methods C and D. sub- 
stances possessing vicinal diols, x-amino-01 and 
r-ketol are expected to interfere since the above 
cited groups may undergo periodate oxidation 
leading to the formation of formaldehyde which 
proceeds the color reaction. In such cases, prelim- 
inary clean-up procedure with isopropyl alcohol is 
necessary to avoid interference due to the pres- 
ence of starch and sugars like lactose prior to the 
estimation of DXH in formulations. 

Commercial formulations (injections) contain- 
ing DXH were successfully analyzed by the pro- 
posed methods. None of the excipients existing in 
DXH injections interfere in methods A and B 
even if water is directly used for solution prepara- 
tion. However in methods C and D, the interfer- 
ing excipients should be removed by selectively 

extracting DXH initially with isopropyl alcohol. 
The values obtained by the proposed and refer- 
ence methods for injections were compared statis- 
tically by the t- and F-tests and found not to 
differ significantly. As an additional demonstra- 
tion of accuracy, recovery experiments were per- 
formed by adding a fixed amount of the drug to 
the pre-analyzed formulations. These results are 
summarized in Table 2. 

In method A, the formation of the colored 
complex is due to the involvement of Fe(H) 
(formed through the oxidation of DXH with 
Fe(III)) and ortho-phenanthroline. The structure 
of this complex can be regarded as shown in 
Scheme I, based on the previous reports [18,27]. 

The color formation by F-C reagent with 
DXH in method B may be explained in the fol- 
lowing manner based on the analogy with the 
reports of the earlier workers [19,28]. The mixed 
acids in the F-C preparation involve the follow- 
ing chemical species: 3H,O. P,O, . 13W0,. 5 
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Fig. I. Absorption spectra of DXH Fe(lll) PTL system ( ) against reagent blank (0 0) versus distIlled water: DXH. 
3.82 x IO ” M: Fc(III). 4.0 x IO ’ M: PTL. I.1 x IO ’ M: buffer (pH 4.6) solution. 4.0 ml. DXH -FC reagent system (A-A) 
against reagent blank (A --A) versus distilled water: DXH. 2.76 x IO ’ M: Na,CO1. 3.4 x IO ’ M. F-C reagent (2.0 N). 2.0 ml. 
DXH-NaIO, MBTH system ( ) against reagent blank (0 0) verws dlstilled water: DXH. 8.6 x IO -’ M; NalO,. 
3.74 x 10 ’ M: acetic acid. I.4 Y 10 ’ M: MBTH, 3.4 x IO ’ M. DXH-halo, PHH system ( \ ~- 1 ) against reagent blank 
(’ c ) versus distllled water: DXH 2.76 x IO ’ M: YaIO,. 1.6 x IO ’ M: PHH. I.65 x ION-’ M: potassium ferricyanide, 
4.84 x IO ’ M 

MOO, lOH,O and 3H,O. P,O, .14WO, .4MoO, thereby producing one or more of the possible 
‘lOH,O. DXH probably effects a reduction of I, 2 reduced species which have a characteristic in- 
or 3 oxygen atoms from tungstate and or molyb- tense blue color. 
date in F-C reagent (phosphomolybdotungstate), As DXH contains r-ketol and z-amino-01 



groups, sodium metaperiodate offers a wider 
scope for analytical determination. The above 
groups are attacked in the manner shown in 
Scheme 2. The two methods avoid the distillation 

OR Fe’ l or diffusion step and permit the determination of 
3 the liberated formaldehyde directly in the reaction 

Scheme I 
medium calorimetrically either by oxidative cou- 
pling reaction with MBTH (method C) or by the 

R 
I 

OX” 

Method C 

Method 0: 

Scheme 2 



Schryver‘s reaction with PHH and ferricyanide 
[24] (method D). Both of the reactions are not 
specific and are essentially aldehyde group meth- 
ods. However formaldehyde reacts rapidly when 
compared to the involvement of the other oxida- 
tion products (dialdehyde). 

In method C. MBTH on oxidation with excess 
periodate, loses two electrons and one proton 
forming an electrophilic intermediate which in 
turn reacts with the aldehyde forming a brilliant 
blue cationic dye as already illustrated by Saw- 
icki et al. [23]. This reaction is presented in 
Scheme 2. Method D was based on the reaction 
of aldehydes with PHH in the presence of potas- 
sium ferricyanide giving formazan dye (Scheme 
2). 

4. Conclusion 

Methods A D are applicable to the intact 
molecule of DXH (obviating the need for any 
preliminary treatment) and have the advantage 
of wider range. The sensitivity order of the pro- 
cedures is A > C > D > B > reference method 
and the order of i,,,,t, values of the colored spe- 
cies is B > C > reference method > A = D. Al- 
though the /. ,,,,,, values of two methods (A and 
D) are somewhat less than that of the reference 
method, the molar absorptivities of all of the 
four proposed methods are considerably higher 
than that of reference method. Moreover. no vis- 
ible spectrophotometric method has been re- 
ported so far. Thus all the proposed methods are 
simple, sensitive and useful for the determination 
of DXH in pure samples and pharmaceutical for- 
mulations. They provide a wide choice. depend- 
ing upon the needs of the specific situation. 
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Talanta 

Separation study of mercury through an emulsion 
liquid membrane 

Abstract 

A study of the transport of Hg(II) ions through a tri-n-octylamine (TOA) ~~ sorbital monooleate (Span SO) - 
toluene liquid membrane has been performed with varying concentrations of HCI. KCI. TOA, Span SO and NaOH 
in the feed. membrane and stripping solutions. Maximum transport was observed with 0.01 M KCI, 2.5 x lo-’ M 
HCL I .5 x 10 ’ M TOA, 3’!, (w v) Span SO and 0.05 M NaOH. With this system. mercury could be completely 
separated from Cu. Zn. Fe. Co. Ni. Pb. Mn and Cd. The transport mechanism of this metal ion through the 
membrane is based on the association of metal anions (HgCIi ) with protonated TOA molecules at the feed- 
side interface, diffusion through the membrane, decomposition of the complex at the strip-solution-side mem- 
brane interface under alkaline conditions. and backdiffusion of TOA molecules. Transport with the membrane is 
dependent on the concentration gradient but in the surrounding solutions it is inversely related to the concentration 
gradient. 

Kqwwds: Emulsion liquid membrane: Mercury: Separation 

1. Introduction 

Tri-n-octylamine (TOA) has been studied as a 
supported liquid membrane mobile carrier to 
separate Pd and MO [I .2] and as an emulsion 
liquid membrane (ELM) mobile carrier to sepa- 
rate Au [3]. but it has not been applied for the 
separation of mercury from other metal ions, 
and also no transport studies have been made 

* Corresponding author. 

using an ELM. TOA is an important extractant 
and can be combined with HgCI: ~ ions after its 
protonation [4]. 

In this paper, an ELM with TOA as mobile 
carrier is studied for the transport of mercury. 
Various parameters influencing the transport of 
mercury across the membrane have been opti- 
mized to separate mercury from Cu(II), Zn(II), 
Fe(II), Co(II), Ni(II), Pb(I1). Mn(I1) and Cd(I1). 
Under the chosen conditions, Hgz+ will precipi- 
tate Hg2C12 and will therefore not be trans- 
ported. 

0039-9130 96 SI5.00 c 1996 Elsebier Science B.V. ,411 rights reserved 
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2. Experimental 

80 

A standard (1 mg ml ’ solution of mercury 
was prepared from HgCl, (analytical grade) and 
distilled. deionized water. TOA (analytical grade) 
was obtained from Fluka. Sorbital monooleate 
(Span 80: chemical grade) was obtained from 
Tianda Experimental Factory (Tianjin. People’s 
Republic of China). A 0.1 M solution of TOA 
and a 3% (w/v) solution of Span 80 in toluene 
were used in this work. 

01 
0 5 10 15 20 

t (min) 

The following instruments were used: a motor- 
driven emulsifier (range O-6000 rev min ‘); mo- 
tor-driven stirrers (range O&600 rev min ~ ‘): and a 
model 722 spectrophotometer (Shanghai Analyti- 
cal Instrument Factory, People’s Republic of 
China). 

Fig. I. The effect of HCI concentration m the feed on the 
percent extraction of Hg(ll). Membrane phase: 1.5 x IO ~’ M 
TOA + ?‘!,,, (XV v) Span 80 + toluene. Stripping phase: 0.05 M 
NaOH. Feed phase: 100 /lg ml ’ Hg(Il) + 0.010 M KCI + 
HCI (M): (I) 2.5 x IO ‘: (3) 5.0 x 10 ‘: (3)l.0 x IO-‘; (4) 
5.0 x IO ’ (H&Cl: precipitating HgO). 

umetic flask containing mercury ions. After dilut- 
ing to the mark the absorbance was read at 565 
nm against the reagent blank. 

In the separation experiment. the concentration 
of mercury as well as other cations was deter- 
mined by inductively-coupled plasma atomic 
emission spectrometry (ICP-AES). 

20 ml portions of solutions of TOA and Span 
80 in tolune were emulsified at a stripping speed 
of 2000 rev min ‘. Stripping solution was added 
at a rate of 20 ml min ’ until the volume ratio of 
organic membrane solution to stripping solution 
was 1: 1. The solution was then stirred continu- 
ously for 15 min to obtain a stable white ELM. 

3. Results and discussion 

The relationship between the concentration of 

To 10 ml beakers containing metal ion feed 
solution was added 20 ml of ELM and the con- 
tents stirred at 200 rev min ’ for a given transfer 
time; the phases were allowed to separate, clear 
feed solution was pippetted into a 25 ml volumetic 
flask and analysed for the amount of cation re- 
maining. 

5 ml of 3 x 10 ’ M 2-[( 5-bromor-2-pyr- 
idyl)azo]-5-diethylaminophenol (5-Br-PADAP) al- 
cohol solution was added to 5 ml of 0.1 M 
Na,B,O,.lOH,O buffer solution in a 25 ml vol- 

Fig 2. Possible scheme for HgCli transport from HCI 
solution to NaOH solution through TOA Span SO-toluene 
hquid membrane. 

Membrane II Strip 
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Table I 
The effect of KCI concentration in the feed phas? 

Cow. KC1 (M) 0 0.005 0.010 0.050 0.100 
Percent extractton 93.0 Yh.3 98.5 97.8 97.3 

..- 

I’ Membrane phase: 1.5 x 10~ ’ M TOA-3’!;, (u v) Span 80. Feed phase: 0.0?5 M HCI+ 100 /lg ml- ’ Hg(I1). Stripping phase: 0.05 
M NaOH. Transfer time: IO min 

hydrochloric acid in the feed solution and ex- 
traction of mercury is shown in Fig. 1. An acid 
concentration of 2.5 x lo- ’ M was found to be 
the best for mercury transport. The H + concen- 
tration in the feed solution was measured and it 
was found that with transport of mercury into 
the stripping phase, the H + concentration in the 
stripping phase decreased. This proved that H + 
transport into the stripping phase also occurs. 
In the presence of HCI and KC1 in the feed 
phase. the transport process of mercury through 
an ELM is illustrated by the following reactions: 

TOA (shown as R,N) in the membrane phase 
reacts with hydrochloric acid in the feed: 

R,N +H+ +C1 $R,NH+Cl (1) 
~m~mh,<inc~ c t.wd 1 (nwmhr.anc, 

In the feed, HgCIS exchanges with Cl- of 
R,NH -Cl in the membrane phase: 

100 

80 

q 60 
e 
111 I 

Y3 
0.0050 M 

-4 
40 

20 
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o- 
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t (min) 

Fig. 3. The effect of TOA concentration in the membrane 
phase on the percent extraction of Hg(Il). Feed phase: 100 /lg 
ml ’ H&II) + 0.010 M KCI + 0.025 M HCI. Stripping phase: 
0.05 M NaOH. Membrane phase: 3’:~) (w L) Span 80 7 TOA: 
(I) 1.5 x IO 2 2.0 x 10 ? (1) I.0 x IO + (3) 7.5 x IO-‘: (4) 
5x IO ?. 

HgCl; + 2R,NH ‘Cl $( R,NH)2HgCI, + 2Cl~ 
creed , memhranc (memhranc) (feed1 

(2) 

NaOH in the stripping phases reacts with 
(R,NH)2HgClt to strip mercury into the strip- 
ping phase: 

The expected mechanism of mercury transport 
in the present case is shown in Fig. 2. The 
transport of H - along a concentration gradient 
supplied the energy for the transport of mercury 
against a concentration gradient. It was discov- 
ered that the decrease of H + in the feed phase 
was more than that of mercury. This was due to 
the formation of R,NH ‘Cl ~-type species and 
transport into the stripping phase. At an HCI 
concentration in the feed of > 2.5 x lo-’ M. 
more R,NH + Cl ions were transported into 
the stripping phase, the liquid membrane 
emulsified sparingly and thus the transport of 
mercury decreased. When the concentration of 
HCl was < 5.0 x 10 - ’ M, transport of mercury 
abruptly decreased with time. This is because 
less H * is available to protonate R,N, and pre- 
cipitation of HgZ ’ as HgO blocks the transport 
of mercury. From Fig. 1. it is also found that 
the transport of mercury can be completed in 5 
min. this is because extraction and back-extrac- 
tion occur simultaneously. and the degree of dis- 
persion of the ELM in the feed solution is high 

M. 

The influence of KC1 concentration in the feed 
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Table 2 
The effect of concentration of surfactant.’ 

Cont. of Span 80 @(w v)] I 2 3 4 5 
Percent extraction 93. I 95.0 98.5 97.0 96.0 

,’ Membrane phase: I .5 x lo-’ M TOA + Span 80. Feed phase: 0.025 M HCI + 100 fig ml ’ Hg(l1)+0.010 M KCI. Stripping phase: 

0.05 M NaOH. Transfer time: IO min. 

solution upon the transport of mercury was also 
examined (see Table I ). Because KC1 is a com- 
plexant for Hg’+ and a good salting-out agent 
[7], an increase in the KC1 concentration increased 
the HgCli concentration and the stability of the 
membrane (preventing the membrane from emul- 
sifying) and made separation easier. Therefore the 
extraction of mercury increased. We selected 0.01 
M KCI in the experiment. 

The effect of the concentration of TOA (mobile 
carrier) in the organic phase on the extraction of 
mercury is shown in Fig. 3. The optimum concen- 
tration range of the carrier was 1.5 x 10 ‘-2.0 x 
lo- ’ M. In the experiment 1.5 x 10 ’ M was 
selected for a rapid and complete transport of 
mercury. 

0.005 M 
80 01 

0.01 M 
-2 

? 60 
e t 
Lu 

40 F 0.05 M 
-3 

0.01 M 
20 -4 

-5 

o- 
0 5 10 15 20 

t (min) 

Fig. 4. The effect of KNO, concentration in the feed phase on 
the percent extraction of Hg(ll). Membrane phase: 1.5 x 10 ’ 
M TOA + ?“L (w v) Span 80 + toluene. StrIpping phase: 0.05 
M NaOH. Feed phase: 1.5 x IO-’ M HCI + 100 jig ml-’ 
Hg(II) + KNO, (M): (I) 0.005: (1) 0.010: (3) 0.050: (4) 0.10: (51 
0.15. 

3.4. The <fject 0.f’ the concentrution of’ swfactant 

Both the stability of the emulsion and the vis- 
cosity of the liquid membrane were altered by the 
proportion of surfactant in the organic phase. An 
increase in the concentration of Span 80 (surfac- 
tant) increased the stability of the emulsion; how- 
ever, the extraction of mercury decreased. When 
the concentration of Span 80 was less than 2% 
(w/v). in the organic phase, the ELM was easy to 
break as the transfer time increased. A concentra- 
tion of 3% (w/v) in the organic phase resulted in 
good extraction and stability (Table 2). 

3.5. The ejtict of emulsion~jtied volume ratio 

Using 100 pg ml ’ mercury, 0.01 M KC1 and 
2.5 x 10 ’ M HCl solution as the feed phase, 
0.05 M NaOH solution as the stripping phase and 
1.5 x 10 ’ M TOA and 3% (w/v) Span 80 as the 
membrane phase, varying the emulsion/feed vol- 

100 al 

02 
80 

Y3 
? 60 
e t 
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40 c 

.[/-;rrnr; 
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Fig. 5. The effect of different salts in the feed solution on the 
percent extraction of Hg(II): (1) 0.01 M KCI: (2) 0.02 M 
K,SO,: (3) 0.01 M KNO,; (4) 0.01 M KCIO,. 



Table 3 

Percent extraction of Hg(ll) Htth different salts in the feed,’ 

Salt (0.010 M) KC1 KBr Kl KSCN 

Percent extractlon 98 100 100 100 

L’ Membrane phase: 1.5 x IO ’ M TOA +3”L (a v) Span 80. 

Feed phase. 0.025 M HCl+ 100 /rg ml ’ Hg(Il). Stripping 

phase: 0.05 M NaOH. Transfer time: IO mm. 

ume ratio from 1.75:10 to 2.5:10 to measure the 
extraction, the experimental result showed that 
the concentration of mercury in the feed solu- 
tion decreased to less than 2 jig ml ’ after 10 
min of transport. Therefore the extraction effi- 
ciency was > 98%. In the experiment, a 2:lO 
emulsiomfeed volume ratio was selected and a 
IO-fold higher concentration of mercury w-as 
obtained. 

The NaOH in the stripping phase functioned 
as a back-extractant. When the composition of 
emulsion was fixed, an increase in the hydroxyl 
ions resulted in faster decomposition of the mer- 
cury complex and remov-al of protons from the 
amine molecules. thus resulting in higher trans- 
port. However, it has been observed that above 
a concentration of 0.1 M NaOH. the transport 
decreased. This may be because the HgClS 

Table 3 

The percent extractIon of other cations m the presence of 

various salts at a concentration of 0.01 M.’ 

Feed phase Percent extraction 

Fe Mn Cu Zn Co Ni Pb Cd 

KCI 0 0 0 0 0 0 0 0 

KBr 0 0 ‘- 0 (I 0 21 

KI 0 0 0 0 0 100 

KSCN 0 0 70 50 3 0 5 
__-.- 

d Membrane: 1.5 x IO--’ M TOA+?‘:,, (u v) Span 80. Feed 

phase: 0.015 M HCI. Stripping phase: 0.05 M NaOH. Initial 

amount of each ion: 100 ,ug ml -‘. Transfer time: IO min. 
h means cation causes precipitation and no transport occurs 

precipitated HgO at higher NaOH concentra- 
tions and clogged the membrane. The maximum 
extraction was obtained in different feed solu- 
tions at O.OlLO.10 M NaOH. In the experiment, 
0.05 M NaOH was selected. 

With a suitable acid concentration of the feed 
phase the concentration of KCI in the feed 
phase changed form 0.01 to 0.10 M and the 
extraction efficiency of mercury was always 
> 97”,;~ If KC1 was replaced by KNO,, an 
increase in the concentration of KNO, obviously 
decreased the extraction of mercury (see Fig. 
4). so the large NO, anion suppressed 
the transport of mercury. The regression equa- 
tion of log E (logarithm of extraction of 
mercury) versus log CKhoX was log E=0.9139 - 
0.4555 log CKNo,: r = - 0.9983. 

KC1 was replaced by KNO,. K,SO, and 
KClO, in turn and the results are shown in Fig. 
5. ClO, is the biggest anion and so association 
with TOA resulted in a decrease in the transport 
of mercury. If 0.10 M KI. KBr and KSCN were 
added to the above systems respectively, the ex- 
traction efficiency of mercury reached 100% 
(Table 3). According to Ref. [8], Hg’ + can form 
a I:4 complex with I , Br ~ SCN and Cl ; 
the logarithm of its accumulating stability con- 
stant (log /i,) is respectively 29.8, 21 .O. 20.0 and 
15.4. This shows that the more stable the anion 
complex, the less other anions interfere. 

Under suitable conditions. transport of Cu, 
Zn, Fe, Co. Ni, Pb, Mn and Cd was studied in 
different feed solutions (shown in Table 4). 

Results for the competitive transport of mer- 
cury and other common cations in mixed solu- 
tion are shown in Table 5. (Note that the data 
of Table 5 come from ICP-AES measurements. 
All other data are from calorimetric measure- 
ments.) Selective transport of mercury was excel- 
lent in the KC1 feed phase; under this condition 
the transport of Cu, Zn, Fe, Co, Ni, Pb. Mn 
and Cd was found to be negligible. 
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Table 5 
Percent extraction of other cations from mwed solution” 

Initial amount of each ion 
(jig ml-‘) 

50 
100 

Percent extraction 

Hg Mn cu Zn co Ni Pb Cd Fe 

99.3 0 0 0 0 I 0 I I 
98 2 0 7 0 I 2 2 I.5 

,’ Membrane phase: 1.5 x IO -’ M TOA+3”<, (h v) Span 80. Feed phase: 0.025 M HCI+O.OI M KCI. Stripping phase: 0.05 M 
NaOH. Transfer time: IO min. 

4. Conclusion 

Extraction of mercury through a TOA-Span 
80&toluene ELM was studied. The mechanism of 
transport of mercury was discussed and is pre- 
sented in Fig. 2. The optimum conditions of 
transport have been found to be 0.01 M KC1 and 
2.5 x lo- ’ HCI in the feed solution. 1.5 x 10 -~’ 
M TOA and 3% (WV) Span 80 in the liquid 
membrane, and 0.05 M NaOH in the stripping 
solution. It is concluded that this method can be 
applied for the selective separation of mercury 
from a mixed solution of Cu, Zn, Fe. Co. Ni, Pb. 
Mn and Cd or as a preconcentrating step for 
measuring mercury. Small amounts of carriers are 
involved and the extraction efficiency is high. 
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Rapid procedure for the determination of gold at sub-ppm 
levels in geological samples by atomic absorption spectrometry 

Arun Kumar Singh 

Abstract 

A rapid and reliable procedure for the determination of gold in geological samples is reported that involves MnO, 
and HCI treatment of the samples followed by ethyl acetate extraction of gold and determination at the ppm and 
sub-ppm levels by flame atomic absorption spectrometry after evaporating off the organic solvent. The method was 
tested for the quantitative recovery of gold from the standard sample from the Kolar gold field and four other 
thoroughly analysed in-house standards from the Otha area. India. The procedure offers distinct improvements in 
speed of analysis and environmental safety. The higher RSD of the data is attributed ot the “nugget” effect. 

K~~~ww~~s: Atomic absorption spectrometry; Geological samples: Gold 

1. Introduction 

The continuing search of gold has led to im- 
provements in analytical methodologies for its 
determination. Analytical procedures include the 
classical fire assay [1,2] and wet chemical treat- 
ment involving aqua regia, HBr-Brz, NaBr- 
Hz07 and cyanide followed by separative 
preconcentration using anion exchange [3], sol- 
vent extraction [4,5]. precipitation on tellurium 
and HgJl,-Hg or adsorption on activated char- 
coal [6] and polyurethane foam [7]. The gold 
content of samples has been determined using 
graphite furnace atomic absorption spectrometry 
(GFAAS) [8], flame atomic absorption spectrome- 
try (FAAS) [9] and inductively coupled plasma 

-- - 

atomic emission spectrometry (ICP-AES). 
Although GFAAS offers very high sensitivity, it 

suffers from poor precision. ICP-AES is less sensi- 
tive and not very selective. FAAS offers high 
selectivity and precision, although the determina- 
tion limits are restricted to ppm and sub-ppm 
levels of gold in the solutions aspirated. Instru- 
mental neutron activation analysis (INAA) also 
offers very high sensitivity. Using INAA, gold has 
been determined directly or after chemical pre- 
treatment of the sample and its separation either 
by ion exchange or solvent extraction as the situa- 
tion demands [lo]. Although some bias has been 
reported between gold values determined by 
INAA and other techniques, this has been traced 
to variations in wet chemical methods of sample 
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treatment rather than to the efficiency of measure- 
ment by various instrumental techniques [ 1 I]. 

For a rapid appraisal of the gold potential of 
favourable areas, wet chemical procedures have 
found wider application. Work has been done on 
gold extraction by using HClPH20, to leach the 
gold from manganese oxide ores [ 121 and subse- 
quently using bleaching powder HCl [13] and 
KMnO,-HCl [14]. which offers certain definite 
advantages. This prompted us to investigate other 
oxidizing solutions which could dissolve gold 
from geological samples quantitatively and 
rapidly. 

Combinations of NaClO, -~ HCl’NaBiO,PHCl 
and MnO,-HCI were investigated and this papet 
reports the results using MnO,~-HCl (1 M) for the 
wet chemical dissolution of gold (and palladium) 
from the sample matrix. followed by ethyl acetate 
extraction and final determination of gold using 
FAAS (242.8 nm) after evaporation of the organic 
solvent. 

The procedure is simple. fast. quantitative. 
Since repeated evaporations of aqua regia solu- 
tion to remove nitrates:nitrosyl compounds and 
bring it to only HCl medium are not required. the 
procedure is also environmentally safe. 

2. Experimental 

2. I. Itt.strutttc~titcrtiott 

All measurements were made using a Spectra 
AA-20 flame atomic absorption spectrometer, 
(Varian, Australia) with the operating parameters 
presented in Table 1. 

Wa\elrngth 242.8 ,111, 

Slit xtting I .O nm 

Lamp type Au hollow cathodc 

Lamp current 3 mA 

Background correctmn Deuterium arc 

Flame Air acetj Icnc 

f-lame condition Lean 

Reagents used included 1 M HCl (AnalaR), 
MnO, powder (AR grade) and ethyl acetate (AR 
grade). 

.4 gold stock standard solution (100 pg ml ‘) 
was prepared by dissolving 1.0 g of AuCl, con- 
taining 25% Au (Johnson Matthey, London, UK) 
in 10% (v/v) HCl in a glass beaker on water-bath. 
The solution was cooled and transferred to a 250 
ml volumetric flask and diluted to volume with 
IO’!% HCl. Working standard solutions were pre- 
pared by dilution of suitable aliquots with 10% 
HCI. 

A 10 g amount of gold-bearing sample ( - 200 
mesh) was taken and roasted at 650°C for 30 min 
in a porcelain dish and transferred into a 250 ml 
beaker. then 100 ml of 1 M HCl were added 
followed by 0.5 g of MnOz. The solution was 
covered with a watch-glass and boiled for 1 h on 
a hot-plate. It was then cooled, filtered through a 
Whatman No.40 filter-paper (12.5 cm) and 
washed with 1 M HCl. The filtrate was concen- 
trated to about 50 ml by boiling, cooled and 
extracted with 25 ml of ethyl acetate for 2 mn. 
The organic layer was collected in a separate 
extraction flask. The extraction was repeated three 
times with 25 ml of ethyl acetate each. The com- 
bined organic layer was scrubbed with about 20 
ml of 1 M HCI to remove any extracted Fe and 
Mn. The organic extract was then cautiously 
evaporated in a beaker on a water-bath at 70°C. 
Aqua regia (2 ml) was added to the beaker and 
the mixture evaporated. The final solution was 
taken in 1 ml of aqua regia and made up to 10 ml 
with distilled water. At this stage 25% HCl can 
also be used. but the presence of HNO, keeps the 
gold in oxidized form. The gold absorbance was 
measured by FAAS (242.8 nm) using an air 
acetylene flame with deuterium background cor- 
rection. The gold content was determined by AAS 
after calibrating the instrument with suitable 
working standards. 



Table 2 
Results obtained by the proposed method and ICP-AES 

Sample 
No” 

Sample code Reported value 
(aqua regia) (ppm) 

MnO?-HCI treatment 
and ethyl acetate 
extraction (ppm? 

ICP-AES 
(242.795 nm) (ppm’) 

I KGF-I 72.0 23 
2 M-l 181 0.31 0.40 0.52 
3 M-1182 23.7 73.0 21.0 
4 M-1183 0.74 0.80 0.63 

“ Sample 1 from Kolar gold field. Mmeralogy: quartz and native gold [ 161. Samples 2- 4 from Otha. Mineralogy: quartz. sericite and 
chlorite [ 151. 
li Mean of five results. The RSD varies between 2 and 9%. 
‘ Mean of four results. 

3. Results and discussion 

The MnO,-HCl system was tested on a stan- 
dard gold sample from the Kolar gold field, Kar- 
nataka, India, and three in-house standard 
samples from Otha, Himachal Pradesh, India, 
where gold has been found associated with ura- 
nium [1 51, the gold level ranging from 0.31 to 23.7 
ppm. The standard samples were analysed by 
INAA and aqua regia-GFAAS. Table 2 shows 
the agreement in the values (means of five values). 
The high RSD values are attributed to the 
“nugget” effect. The results show that the MnO,- 
WC1 system is able to solublize gold quantita- 
tively. Trace amounts of Fe and Mn which are 
co-extracted by ethyl acetate are removed after 
scrubbing with 1 M HCl. The standard addition 
method was applied to chlorite. biotite and schist 
samples from the Singhbhum Thrust Belt (Bihar) 
and the recovery was found to be more than 95% 
(Table 3). The gold in the same solution was also 
determined by ICP-AES (242.795 nm), as indi- 
cated in Table 2 (mean of four values). The higher 
concentration of gold is in excellent agreement 
with the FAAS values, provided the gold solution 
is free from the presence of manganese in high 
amounts. 

It is true that a method based on aqua regia 
dissolution or dissolution by a similar oxidizing 
acid mixtures could lead to low results, being 
dependent on the sample matrix and the miner- 
alogical association of the gold present. If gold 
particles are enclosed in quartz then dissolution 

by an acid mixture, to which quartz is inert, will 
largely be a function of the extent to which grind- 
ing has liberated or exposed the gold to make it 
accessible to acid attack and the gold recovery 
may approach 100% but will always be less than 
100%. 

The gold values obtained with the present 
method. however, show that the gold recovery is 
nearly quantitative when sample ground to - 200 
mesh is taken for treatment with MnO,-HCl, and 
the quartz mineralogy of gold occurrence shows 
complete amenability. 

The procedure is broadly applicable to a wide 
variety of geological samples, viz. carbonaceous, 
refractory, quartz, sericite, etc. This method obvi- 
ates HF treatment of samples, which is critical 
especially for gold locked in a quartz matrix. 
Further, the results obtained by this method are 
well within the acceptable RSD limits of 229% 
(Table 2). 

The MnOzpHCl treatment also offers another 
advantage in that it dissolves out quantitatively 
and simultaneously palladium if present in the 
sample. Results for this aspect will be published 
elsewhere. 
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Results for samples from Singhbhum Thrust Belt” 

Sample .Au content in sample (ppm) Au standard added (ppm) Au recovered (ppm)b Recovery (o/I)) 

M-4020 <O.l 
M -402 I <O.l 

i’ Mineralogy: chlorite. btotite. schtst. 
’ Single value. 

12.2 
12.2 

- 
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Spectrophotometric methods for the determination of 
prazosin hydrochloride in tablets 

K. Sreedhaf, C.S.P. Sastry . , b * M. Narayana Reddy<‘, D.G. Sankar” 

Abstract 

Four simple and sensitive methods for the assay of prazosin hydrochloride (PRH) are developed. These methods 
are based on the formation of coloured species by treating it either with excess N-bromosuccinimide (NBS) and 
determining the unconsumed NBS with p-,Y-methyl ammophenol sulphate (meto])-sulphanilamide (SA) reagent 
(method A. i,,,, 520 nm): with 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) in the presence of 
ceric ammonium sulphate (CAS) (method B. i,,., 620 nm) or with acidic dyes such as orange-II (O-11) (method C, 
i ,,,‘ I\ 390 nm) and alizarin violet 3B (AV-3B) (method D. i .,,,‘ 1\ 570 nm) under the specified experimental conditions. 
Regression analysis of Beer’s law plot showed good correlation in the concentration range of I .O 10.0, 2.5-25.0, 
I.O- 17.5 and 2.5-30.0 /lg ml for methods A. B, C and D respectively. 

Kc~~~ords: Prazosm hydrochloride; Spectrophotometry; Tablets 

1. introduction 

Prazosin, 1-(4-amino-6,7-dimethoxy-2-quina- 
zolinyl)-4-(2-furanylcarbonyl)piperazine, is a po- 
tent vasodilatory agent which has gained 
widespread acceptance in the management of hy- 
pertension [l] and also has been found to be value 
in the treatment of heart failure [2]. The drug and 
its formulations are official in the British Pharma- 
copoeia [3] and United States Pharmacopoeia [4]. 
Reported methods include titrimetric [5]. UV 

spectrophotometric [6], fluorimetric [7], GLC [8], 
HPLC [%I I] and TLC [12]. As there is no visi- 
ble-range spectrophotometric method for prazosin 
hydrochloride (PRH). sensitive and precise spec- 

PRAZOSlN 

H,CO 
” co 0 (yNrFco* 
3 w 

NH2 

* C‘orrrspondlng author. Form I 
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trophotometric methods would greatly aid in the 
determination of PRH in bulk samples and phar- 
maceutical formulations. This paper describes 
four visible-range spectrophotometric methods for 
PRH determination making use of its different 
structural features. 

N-Bromosuccinimide (NBS) contains unstably 
bound bromine and is used for brominations and 
dehydrogenations of organic compounds. Sastry 
et al. [I 31 suggested a procedure for determining 
primary arylamines by treatment with p-iv-methy- 
laminophenol sulphate (metol) and NBS. Sawicki 
et al. [14] developed a procedure for determining 
aromatic amines and phenols by coupling with 
i-methyl-2-benzothiazolinone hydrazone hy- 
drochloride (MBTH) in the presence of an oxi- 
dant to form an intensely coloured oxidative 
coupling product. The acid dyes Orange II (O-II) 
and Alizarin Violet 3B (AV-3B) have been used 
for the determination of many drugs which are 
basic in nature [15]. We have applied these sensi- 
tive procedures to the determination of PRH in 
bulk samples and pharmaceutical formulations. 

In method A of the present study, PRH was 
treated with standard NBS in excess. The NBS 
consumed, corresponding to PRH, was obtained 
by determining the excess NBS spectrophotomet- 
rically with metol and sulphanilamide (SA) and 
subtracting it from the NBS initially taken (i.e. 
blank - unconsumed). Method B involves the 
spectrophotometric determination of PRH with 
MBTH in the presence of cerium(IV) ammonium 
sulphate (CAS). Methods C and D are based on 
the formation of chloroform-soluble ion-associa- 
tion complexes with O-II and AV-3B. respec- 
tively. 

2. Experimental 

A Systronics (Hyderabad. India) Model 106 
spectrophotometer with 1 cm matched glass cells 
was used for all absorbance measurements. An 
Elico (Hyderabad, India) Model LI-120 digital 
pH meter was used for pH measurements. 

All reagents were of analytical grade and all 
solutions were prepared in triply distilled water. 
Freshly prepared solutions were always used. 

Aqueous solutions of NBS (Loba Chemie. In- 
dia; 2.53 x 10 ’ M). metol (Wilson Labs., India; 
8.71 x 10 ’ M), SA (IDPL Labs., India; 1.16 x 
10 ’ M, initially dissolved in the minimum quan- 
tity of dilute HCI) and acetic acid (Wilson Labs.. 
India, 3.5 x 10 ’ M) were prepared for method 
A. Aqueous solutions of MBTH (Loba Chemie; 
8.56 x 10 ’ M) and CAS (Wilson Labs.; 1.58 x 
10 ’ M) in 0.72 M H,SO, were prepared for 
method B. Aqueous solutions of O-II (Merck. 
India; 1.41 x 10 ’ M) and hydrochloric acid 
(Merck; 0.1 M) were prepared for method C. A 
pH 4.4 phthalate buffer and an aqueous solution 
of AV-3B (Chroma, Germany: 6.079 x 10 -’ M) 
were prepared for method D. 

An accurately weighed quantity of pure PRH 
equivalent to 50 mg was dissolved in and made to 
50 ml with glacial acetic acid. This stock standard 
solution w’as further diluted stepwise with distilled 
water to obtain working standard solutions with 
concentrations of 100 and 50 Lrg ml ‘. 

2.4.1. Alrthod A 
Into a series of 25 ml volumetric flasks contain- 

ing aliquots (0.555.0 ml) of PRH solution (50 pg 
ml ‘), 2.5 ml of NBS and 5.0 ml of acetic acid 
solutions were added successively and the total 
volume in each flask was made up to 15 ml with 
distilled water and kept aside for 25 min at room 
temperature. Then 1.5 ml of metol and 1.5 ml of 
SA solutions were added at 1 min intervals and 
the volume was made up to the mark with dis- 
tilled water. The absorbances were measured 
against distilled water at 520 nm during the stabil- 
ity period of IO-30 min. A blank experiment was 
also carried out, omitting the drug. The decrease 
in the absorbance corresponding to PRH was 
obtained by subtracting the absorbance of the 
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drug solution from that of the blank. The amount 
of the drug was calculated from the calibration 
graph. 

Into a series of 10 ml of volumetric flasks 
containing aliquots (0.2552.5 ml) of PRH solution 
(100 /lg ml ‘). 3.0 ml of MBTH solution was 
added, made up to 6 ml with distilled water and 
kept aside for 2 min at room temperature. Then 3.0 
ml of CAS solution were added to each flask, kept 
aside for 20 min and diluted to mark with distilled 
water. The absorbances were measured within I5 
min at 620 nm against a reagent blank prepared in 
a similar manner but omitting the drug. The drug 
concentration was read from a calibration graph 
prepared under identical conditions. 

2.4.3. Mrtl1od c 
Aliquots of 0.223.5 ml of the standard solution 

of PRH (50 jig ml ‘) were transferred into a series 
of I25 ml separating funnels, then 2.0 ml of 0.1 M 
HCI and 1 .O ml of O-II solution were added to each 
funnel and the total volume of the aqueous layer 
in each funnel was brought to 10 ml with distilled 
water. A IO ml portion of chloroform was added 
to each and the contents were shaken for 2 min. 
The absorbance of the separated chloroform layer 
was measured after 5 min at 490 nm against a 
reagent blank prepared simultaneously but omit- 
ting drug. The amount of PRH present was calcu- 
lated from the calibration graph. 

-7.4.4. Mrthod D 
Aliquots of 0.2--3.0 ml of the standard solution 

of PRH ( 100 /lg ml ‘) were transferred into a 
series of 125 ml separating funnels, then 5.0 ml of 
buffer solution (pH 4.4) and 2.0 ml of AV-3B 
solution were added to each funnel. The total 
volume of the aqueous layer in each funnel was 
brought to IO ml with distilled water. A 10 ml 
portion of chloroform was added to each funnel 
and the contents were shaken for 2 min. The 
absorbance of the separated chloroform layer was 
measured after 5 min at 570 nm against a reagent 
blank prepared simultaneously but omitting drug. 
The amount of PRH present was calculated from 
the calibration graph. 

O,i&W 610 

WAVELENGTH ( nm) 

Fig. I. Absorption spectra of PRH-NBS met& SA system 
( ) and NBS.metolLSA system (*). [PRH]. 1.43 x lo-’ M; 
[NBS]. 2.53 x IO a M; [metol], 5.22 x IO ’ M: [SA], 6.96 x 
IO ’ M: [CH,COOH]. 7.0 x IO-’ M. 

Twenty tablets were accurately weighed and 
powdered and an amount of the tablet powder 
equivalent to 10 mg of PRH was treated with 8.0 
ml of glacial acetic acid (warmed on a boiling 
water-bath for 5 min with occasional shaking). The 
solution was cooled to room temperature, filtered 
and made up to 10 ml with glacial acetic acid to 
give a solution of 1 mg ml ‘. This stock standard 
solution was further diluted stepwise with distilled 
water to obtain working standard solutions (for 
the above-mentioned methods) and were analysed 
by following the procedures in Section 2.4. 

Twenty tablets were weighed and powdered. To 
a quantity of the powder containing the equivalent 
of 10 mg of PRH. IO ml of glacial acetic acid were 
added and the mixture was warmed on a boiling 
water-bath. The solution obtained was cooled and 
filtered. To I .O ml of the filterate. sufficient distilled 
water was added to produce 200 
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ml. The absorbance of the solution was measured 
at i.,‘,, of 248 nm. The content of the drug was 
calculated from the Beer-Lambert plot. 

3. Results and discussion 

The optimum conditions for the development 
of methods A-D were established by varying the 
parameters one at a time and keeping the others 
fixed and observing the effect produced on the 
absorbance of the coloured species. 

The method involves two stages, namely oxida- 
tion with excess NBS and the determination of 
unreacted NBS using metal-SA reagent. Oxida- 
tion of PRH with 1.5-3.0 ml of NBS solution 
gave maximum and reproducible absorbance val- 
ues. The effect of time and temperature of oxida- 
tion on the absorbance of the coloured species 
was studied by conducting the oxidation at differ- 
ent temperatures for different time intervals. Oxi- 
dation times ranging from 20-30 min at room 
temperature (38 + 5 “C) gave constant and repro- 

0.5 - 
0.4 - 

/‘\ 

0.1 

I 

,,I 440 I.60 520 560 600 640 660 720 

WAVELENGTH ( n”?) 

Fig. 2. Absorption spectra of PRH-MBTH system ( .- ) and 
its reagent blank (0). [PRH]. 4.76 x IO-’ M: [MBTH], 
2.56 x 10 ’ M; [CAS]. 4.74 x IO-’ M. 

A 
* . _ 

00 - T  - 3 360 A20 460 500 - ---+a 540 

WAVELENGTH (nm) 

Fig. 3. Absorption spectra of PRH O-II system (O), its 
reagent blank (+) and aqueous O-II dve in 0.1 M HCI 10). 
[PKH], 2.38 x 10 ’ M: [O-II], 1.41 x IO-” M; [aqueous d-hi, 
1.38 x IO ’ M 

ducible absorbance values. Prolonging the oxida- 
tion time beyond 30 min and increasing the 
temperature gave erratic results. Maintaining the 
pH of the solution at 2.9 t- 0.2 was found to be 
the best for attaining the maximum sensitivity. 
This was achieved by the addition of 5.0 ml of 
3.5 x 10 ’ M acetic acid. Use of 1.0-2.0 ml of 
metol solution and 1.062.5 ml of SA solution 
afforded the maximum absorbance values. A wait- 
ing period of l-3 min was necessary between the 
addition of metol and SA solutions for the gener- 
ation of p-N-methylbenzoquinone monoimine 
(PMBQMI) by the action of NBS on metol. Pro- 
longing the waiting period beyond 3 min resulted 
in low absorbance values, probably owing to the 
partial hydrolysis of the PMBQMI formed in situ 
to the quinone state. Among the water-miscible 
solvents examined, water was found to be the best 
for final dilution of the solution. Maximum colour 
intensity was attained within 10 min after the final 
dilution and remained stable for the next 20 min. 
The absorption spectrum of the coloured species is 
shown in Fig. I. 
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3.2. Method B 

As the drug molecule possesses aromatic amino 
groups. the suitability of MBTH reagent for the 
determination was examined. The applicability of 
MBTH in conjunction with various oxidizing 
agents (potassium dichromate, sodium metaperio- 
date, chloramine-T, potassium hexacyanofer- 
rate(III), iodine, iron(II1) chloride and cerium(IV) 
ammonium sulphate (CAS)) for the determination 
of PRH was examined and CAS was found to be 
the best. The effects of reagent concentration 
(MBTH and CAS), temperature, H,SO, strength 
in CAS solution, time and order of addition of 
reagents with respect to maximum sensitivity, 
minimum blank reading, adherence to Beer’s law 
and stability of coloured species were studied 
through controlled experiments. For the colour 
development, 2.5-3.5 ml of MBTH solution, 2.5 
3.5 ml of CAS solution and a temperature of 
30 + 5°C were found to be optimum. An acid 
strength of 0.72 M H,SO, was found to be opti- 
mum as a medium for the CAS solution. The 
order of addition drug, MBTH and CAS gives 
maximum sensitivity. Altering the order of addi- 
tion (i.e. MBTH, CAS and drug or drug, CAS 
and MBTH) resulted in a loss of sensitivity. Max- 
imum colour intensity was attained within 20 min 
after the addition of CAS solution. The coloured 
species was found to be stable for 20 min after the 
attainment of maximum colour intensity. The 
spectrum of the coloured species produced by the 
suggested procedure is shown to possess maxi- 
mum absorbance at 620 nm (Fig. 2). 

3.3. Method C 

To establish the experimental conditions, the 
drug was allowed to react with O-II in dilute HCl 
ranging from 0.05 to 1.5 M and the complex was 
extracted into the chloroform layer. Constant ab- 
sorbances were obtained with 0.08-o. 12 M HCl, 
hence 0.1 M HCl was adopted. A 1.0 ml portion 
of O-II solution was found to be optimum. Shak- 
ing times of l-4 min produced constant ab- 
sorbance, hence a shaking time of 2 min was 
chosen. 

3.4. Method D 

In order to establish the optimum pH range, 
the drug was allowed to react with AV-3B in 
aqueous solution buffered to pH 4.0-5.0 and the 
complex formed was extracted into chloroform 
for measurement. Constant absorbances were ob- 
tained over the pH range 4.2-4.6 (phthalate 
buffer), hence a pH of 4.4 was adopted. A 2.0 ml 
portion of AV-3B solution was found to be opti- 
mum. Constant absorbance values were obtained 
for shaking periods between 1 and 4 min, hence a 
shaking time of 2 min was selected. 

Chloroform was preferred among the water-im- 
miscible solvents for the selective extraction of the 
drug-dye complexes in both methods C and D. A 
ratio of 1: 1 aqueous to chloroform phases was 
required for efficient extraction of the coloured 
species. The absorption spectra of the coloured 
species are shown in Figs. 3 and 4. 

The optical characteristics and data for meth- 
ods A-D are presented in Table 1. The PRH 
values for tablet dosage forms with the proposed 
and reference methods are compared in Table 2 
(the UV spectrophotometric method developed 

WELENCTH (nm) 

Fig. 4. Absorption spectra of PRH-AV-3B ((;), Its reagent 
blank (+) and aqueous AV-3B dye in pH 4.4 buffer (0). 
[PRH], 3.57 x IO-’ M; [AV-3B], 1.21 x 10 ’ M; [aqueous 
,AV-3B], 2.45 x IO 4 M. 
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Table I 

Optical character1stlcs. preclswn and accuracy of the propossd methods A D for PRH 

Parameter 4 

kik (nm) 
Beer’s law limits ((lg ml) 

Molar absorptivity (I mol ’ cm ‘) 

SandelI’s sensitivity 

(irg cm -’ per 0.001 absorbance unit) 

Optimum photometric range (/rg ml ‘) 

Regression equation (J, = <I + hC): 

Slope(h) 

Intercept(tr ) 

Correlation coefficient (r) 

RSD*~’ (‘I,,) 

Range of error (“,#) (confidence Ilmits): 

0.05 level 

0.01 k%el 

520 
1.0-10.0 

2.94 x IO1 

0.0 I43 

2.0-8.0 

0.070 

0.0025 

0.9999 

0.63 

* 0.53 

* 0.79 

I’ Calculated from SIX determinations. 

for the assay of PRH was used as a reference 
method for ascertaining the accuracy of the pro- 
posed methods). The results of the recovery exper- 
iments by the proposed methods are also given in 
Table 2. 

The commonly used excipients and additives in 
PRH tablets such as talc (up to a 250-fold m m 
excess, compared with PRH). starch (?OO-fold). 
boric acid ( 150-fold), stearic acid (60-fold). 
sodium lauryl sulphate (IO-fold) and propyl 
paraben (5-fold) did not interfere in any of the 

Scheme I 

B c 

670 490 

7.5-25.0 1.0-17.5 

9.24 x IO’ 1.85 x IO” 

0.0455 0.0227 

5.c X.0 3.0 15.0 

0.0’2 0.0436 

0.005 0.00.’ 

0.9998 0.9999 

I.95 0.91 

& l.6U + 0.77 

& 2.40 f I.14 
- 

D 

570 

2.5-30.0 

1.10x IO” 

0.0385 

5.0-25.0 

0.026 

0.005 

0.9998 

0.73 

& 0.61 

* 0.90 

methods. The results in Tables 1 and 2 show that 
the proposed methods can be applied for the 
analysis of pharmaceutical preparations with con- 
siderable precision, accuracy and sensitivity. 

This method is based on the oxidation of PRH 
by NBS to form oxidation products (probably a 
mixture but reproducible under proposed experi- 
mental conditions), excess NBS being determined 
with metolLSA reagent. The coloured complex 
may be regarded as a charge-transfer type, shown 
in Scheme I, presumed to take place by electron 
transfer from the highest occupied molecular or- 
bital (n*) of SA to the lowest empty molecular 
orbitals (71) of the two adjacent PMBQMI 
(formed in situ from metol and NBS) molecules as 
in the metal, iodine and INH reaction [16]. 

Under the reaction conditons, MBTH, on oxi- 
dation with CAS. loses two electrons and one 
proton to form an electrophilic intermediate, 
which is the active coupling species. One mole of 
this species undergoes electrophilic substitution to 
form a coloured product as shown in Scheme 2. 
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Scheme 7 

3.5.3. Mrthods C und D 
These two methods are based on the basic 

nature of the drug, which under specified experi- 
mental conditions forms ion-association com- 
plexes with certain acidic dyes (O-II and AV-3B) 
which are extractable into chloroform from the 
aqueous phase [I 71. The stoichiometric ratio of 
PRH to O-II or AV-3B was determined with the 
slope ratio method and found to be 1:2. 

3.5.4. Procedure for slope rutio rwthod 
Solutions of acid (for method C) or buffer (for 

method D) and dye (O-11 for method C: AV-3B 
for method D) were taken in different 125 ml 
separating funnels and different concentrations of 
drug solutions were added such that on further 
addition of drug no dye to drug complex forma- 
tion occurred. The complex was then extracted 
using chloroform. The maximum absorbance ob- 
tained in each case was termed A,,,,, in that case. 
A linear graph was obtained when log q was 

Scheme 3 

Scheme 4 

plotted against log r, where q = A,,,,,/(&,,, - Aobs) 
and r is the concentration of the drug in mol 1.. ‘. 
The slope dyjdx- of the line gives the ratio of dye 
to drug in the complex. 

The drug PRH (1 mol) and oppositely charged 
form of the dye (2 mol) behave as a single unit. 
being held together by electrostatic attraction. 
The structures are shown in Schemes 3 and 4. 

4. Conclusions 

The three proposed methods exploit different 
structural features (method A. unsaturation; 
method B, presence of amino groups in the quina- 
zolinyl ring; methods C and D. basic property) of 
the PRH molecule. All the proposed methods 
have higher i,,,, values and sensitivity. This is a 
decisive advantage since the interference from the 
associated ingredients will be less at higher wave- 
lengths than at lower wavelengths. The sensitivity 
order of the procedures is A > C > D = B and the 
&,,, order of the coloured species is B > D > A > 
C. The proposed methods are simple, rapid and 
have reasonable precision and accuracy when 
compared with many of the reported methods. All 
the proposed methods are useful for the determi- 
nation of PRH and provide a wide choice, de- 
pending on the needs of the specific situation. 

Acknowledgement 

One of the authors (K.S.R.) is grateful to 
CSIR. New Delhi, for the award of a Senior 
Research Fellowship. 



References 

[I] R.N. Brogden. R.C. Heel. T.M. Speight and G.S. Avery, 
Drugs. 14 (1977) 164. 

[2] N.A. Awan. R.R. Miller. A.h De Maria, K.S. Maxwell. 
A. Neumann and D.T. Mason. Circulation. 56 (1967) 
346. 

[3] British Pharmacopoeia. 1988 Vols. I and II. H.M. Sta- 
tlonery Office, London. 1988. 

[4] United States Pharmacopeia. XXII Revision. US Phar- 
macopeial Convention. Rockville, MD. 1990. 

[5] N. Kosta and K. Velasevic. Arh. Farm., 38 (1988) 3. 
[6] B. Panzova. M. Ilievska, G. Trendovsica and B. Bog- 

dano,. Int. J. Pharm.. 70 (1991) 187. 
[7] M.E. Mohamed and H.Y. Aboul-Enein. Pharmazie. 40 

(1985) 358. 
[8] T. Daldrup. F. Susanto and P Michalke. Fresenius‘ 2. 

Anal. Chem., 308 (1981) 413. 
[9] W.J. Bachman, J. Liq. Chromatogr., 9 (1986) 1033. 

[IO] D.J. Gisch, B. Feibush, B.T. Hunter and T.L. Ascah, 
Biochromatography. 4 (1989) 206, 210, 212. 

[I I] J.F. Bauer, S.K. Krogh, Z.L. Chang and C.F. Wong. J. 
Chromatogr.. 648 (1993) 175. 

[I21 P. LiIIsunde and T. Korte. J. Anal. Toxicol., 15 (1991) 71. 
[I31 C.S.P. Sastry. B.G. Rao. B.S. Reddy and S.S.N. Murthy. 

J. Indian Chem. Sot.. 58 (1981) 655. 
[14] E. Sawcki, T.W. Stanley. T.R. Hauser. W. Elbert and 

J.L. Noe. Anal. Chem.. 33 (1961) 722. 
[l5] C.S.P. Sastry, T. Thirupathi Rao. .4. Sailaja and T.A.S.R. 

Prasad. Indian J. Pharm. Sci., 54 (1992) 125. 
[16] C.S.P. Sastry. B.S. Reddy and B.G. Rao. Indian J. 

Pharm. Sci.. 43 (1981) 118. 
[I71 S.L. Bhongade and t\.V. Kasture. Talanta, 40 (1993) 

1525. 



Talanta 
ELSEVIER Talanta 43 (1996) IX57 -1867 

Sorption recovery of metal ions using silica gel modified with 
salicylaldoxime 

A.R. Sarkar, P.K. Datta, M. Sarkar” 

Abstract 

Trace metals in water were preconcentrated with silica gel modified with salicylaldoxime and determined by AAS. 
Optimum conditions for the maximum recovery of metal ions, viz. Cu(Il), Ni(II), Co(H), Zn(I1) and Fe(III), for both 
batch and column methods were developed. The efficiency of the adsorbent with respect to different experimental 
conditions was established. 

Keywords: Atomic absorption spectrometry; Metal tons: Salicylaldoxime: Silica gel; Sorption recovery 

1. Introduction 

Toxic metals have become an ecotoxicological 
hazard of prime interest and increasing signifi- 
cance, owing to their tendency to accumulate in 
vital organs in man and animals. Continuous 
exposure to even low doses of toxic metals is of 
concern because they cause, according to their 
degree of accumulation, progressively increasing 
toxic actions over long periods of the life span of 
an individual [l]. 

In densely populated and industrialized regions, 
alarming amounts of toxic metals are emitted 
from anthropogenic sources into soils and the 
aquatic environment. Among the various environ- 
mental chemicals. toxic metals are almost the only 
pollutant class without biodegradability. Instead, 

* Corresponding author. 

they pass into the enviornment in a biogeochemi- 
cal cycle with relative accumulations and different 
residence times in various types of ecosystems and 
with transformations to sometimes more or less 
toxic chemical species. Accurate and reliable to 
sometimes more or less toxic chemical species. 
Accurate and reliable methods must therefore be 
developed for their determination. Because of 
their extremely low concentrations, a preliminary 
concentration step is usually necessary prior to 
the determination of the metals. 

Solvent extraction, although one of the most 
popular techniques for the separation of metals, 
has limited application in concentrating trace 
amount of ions present in large sample volumes. 
Among the different types of adsorbents reported, 
active carbon [2], ion-exchange resins [3], chelat- 
ing agents supported on various substrates [2-31 
and waste materials such as fly ash [9], rice husk 

0039.9140 96’$15.00 P 1996 Elsebier Science B V. Al1 rights reserved 
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ash [IO] and waste Fe(III);Cr(III) hydroxide [I I] 
have beem applied for the removal or separation 
of metal ions. Kantipuly et al. [12] reviewed the 
application of chelating polymeric resins for the 
separation and concentration of trace metals from 
oceans, rivers and other natural systems. A review 
was presented by Terada [13] covering preconcen- 
tration by sorportion on activated carbon, porous 
polymers, C,,-bonded silica or glass beads, com- 
plex-forming adsorbents and natural polymers. 

A survey of the literature on water analysis 
shows that silica gel can be used as a very success- 
ful adsorbing agent [14]. It does not swell or 
strain, has good mechanical strength and can 
undergo heat treatment. Moreover, chelating 
agents supported on silica gel as adsorbent are 
stable, easy to prepare and can be used selectively 
for the preconcentration of different metals. Pre- 
concentration of metals with silica gel physically 
supporting sulphonated hydroxyazo dyes and 
sulphonaphthaleins [ 151 has been applied success- 
fully to various samples of different origins. The 
use of chemically bonded silica gels [ 16- 191 has 
also been reported. Recent progress in the precon- 
centration of metals using modified silica gel 
columns includes the use of surfactants as coating 
material on C,,-bonded silica [20]. the formation 
of new stationary phases with a silica gel-bonded 
cationic polyelectrolyte with Ferron [21] as coun- 
ter ion and ion-pair formation between a metal 
complex and a long-chain qaternary ammonium 
salt and subsequent sorption of this ion pair on 
the silica gel [22]. 

In the present investigation, Cu(II), Ni(I1). 
Co(II), Zn(I1) and Fe(II1) in water were precon- 
centrated on silica gel loaded with salicylaldoxime 
and determined by AAS. Salicylaldoxime is 
widely applied in solvent extraction [23]. After 
being used successfully as a reagent for conducto- 
metric titration of some metal ions [24], it was 
chosen in the present study as a chelating agent 
for immobilization on silica gel. The substrate 
thus obtained can be used a number of times for 
the purpose of preconcentration of metals. Single- 
metal or multi-metal solutions can be preconcen- 
trated from the same stock. 

2. Experimental 

All chemicals were of analytical-reagent grade. 
Silica gel H 4267 of particle size 60 pm, specific 
surface area 420 mr g ’ and pore size 120 8, was 
obtained from Sigma. 

Stock solutions of Cu(I1). Ni(II), Co(II), Zn(I1) 
and Fe(II1) (lmg ml ‘) were prepared by dissolv- 
ing the respective metal salts in doubly distilled 
water. Multi-metal solutions (IO- 100 pg ml- ‘) 
were prepared from the stock solutions. pH values 
were controlled using acetate buffer and phos- 
phate buffer. 

A Perkin-Elmer atomic absorption spectrome- 
ter was used for metal determinations and a Sys- 
tronics pH meter was used to check the pH of the 
aqueous solutions. The column was a glass tube 
(160 x 6 mm i.d.) with a coarse sintered-glass disc 
and a tap at the bottom. 

First silica gel was refluxed with 6 M HCl for 
about 3 h to remove any contaminating metals 
such as iron. It was then washed with deionized 
water and dried under reduced pressure at 150°C. 
The dried silica gel was refluxed with salicylal- 
doxime in ethanol (lo’%) w/w) at 7OWSO”C for 4 h. 
The solid thus obtained was filtered and dried 
under vacuum. 

2.3. Procedure ,for udssorption experiment 

The sorption of various metals was examined 
under both static and dynamic conditions. To 
determine the capacity and stability of the sor- 
bent. the kinetics and pH of adsorption and the 
desorption behaviour, the static method was used. 
To determine the flow rate and sample volume in 
the column process. the dynamic method was 
used. 

Volumes of 10 ml of each of the metal solutions 
(200 jig) and 10 ml of buffer solution were added 



to 0.5 g of the adsorbent in a centrifuge tube and 
shaken in a mechanical shaker for 1 h at room 
temperature. The metal ion concentration in the 
supernatant was measured by AAS and the per- 
centage retention of metal on the adsorbent was 
calculated. 

The chromatographic column was prepared by 
filling 10 g of the adsorbent. the bed length being 
about 10 cm. 

A fixed volume of an aqueous solution of the 
metal ion was adjusted to a suitable pH and 
percolated through the column at a flow rate of 5 
ml min ‘. After washing the column with about 
20 ml of deionized water, an eluting solution of 
definite composition (4 M HNO,) was passed 
through at a flow rate of 3 ml min ‘. The metal 
ion concentration in the eluate, after dilutions to 
the desired volume. was determined by AAS. Wet 
digestion of the samples with HNO, and H,SO, 
was performed prior to estimating the concentra- 
tion of metals by AAS following the methods of 
the APHA [25]. An air-acetylene flame was used 
with observation at IO mm above the burner with 
the following wavelengths: Cu 324.8, Ni 232. Ca 
240.7, Zn 213.9 and Fe 248.3 nm. 

3. Results and discussion 

The adsorption behaviour of Cu(II), Ni(II). 
Co(H), Zn( II) and Fe(II1) on the adsorbent at 
various pH values was investigated in the batch 
process. The results are shown in Fig. l(A). 

Cu(I1) was adsobred quantitatively at pH 2.2 
and for Ni(I1). Co(I1). Zn(I1) and Fe(II1) the 
maximum adsorption started at pH 3.5, 4.2, 5.5 
and 7.3. respectively. A control measurement was 
done with untreated silica gel itself (Fig. l(B)) and 
a remarkable difference in the retention of metal 
ions was observed between the adsorbent and the 
untreated silica gel. In all cases, except for Fe(II1). 
quantitative retention occurred at much higher 
pH for the untreated silica gel compared with that 
for the adsorbent. Only for Fe(II1) was the effect 
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Fig. I. Et’f’ect of pH on adsorption: (a) on aalicylaldoxime- 

modified silica gel and (b) untreated silica gel. 

of pH on both the untreated and treated silica gel 
similar. 

From the results, the separation of Cu(I1) from 
the rest of the metals is possible by varying only 
the pH of the solution. Similarly, Ni(I1) and 
Co(II 1 can be separated from Zn(I1) and Fe(III) 
and Zn(I1) can be separated from Fe(II1). How- 
ever. Ni( II) and Co( II) cannot be separated from 
each other by this process and a modification is 
needed. The use of a surfactant or an organic 
modifier can be effective. 

For a given ligand, the stability of complexes 
with dipositive metal ions follow the Irving- 
Williams order, which is considered to arise in 
part from a decrease in size across the series and 
in part from the ligand field effect. The observed 
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Fig. 2. Effect of time an adsorption 
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Table 1 
Sorption capacity of the adsorbent for different metal ions 

Metal ion Capacity (mm01 g ‘j 

Cu(I1) 0.08 
Co(I1) 0.06 
Ni(It) 0.04 
Zn(II) 0.04 
Fe(III) 0.05 

order of preferential adsorption of metal. i.e. 
Cu(l1) > Ni(II) > Co(II) > Zn(II), is consistent 
with the IrvingWilliams order of stability with 
the relative position of Fe(II1) being ligand depen- 
dent, especially at the higher pH regions such as 
those examined here where hydrolysis may be 
substantiaal, and cannot be established with cer- 
tainty. 

3.2. cf;>ct of’ &king time 

The effect of shaking time on the adsorption of 
the metals in the batch process is shown in Fig. 2. 
Compared with Cu(I1). other metals needed a 
longer time to reach adsorptive equilibrium. The 
slower reaction kinetics seem to be due either to 
the slow rate of dissociation of their complexes if 
complexation is considered as the only mechanism 
during adsorption or due to their relatively small- 
size or ionic radii. The crystal field radii for these 
six-coordinate metals are reported to follow the 
order Co(I1) > Fe(II1) > Cu(I1) > Ni(I1) > Zn(I1) 
[26], but the observed trend of adsorption, i.e. 
Cu(I1) < Zn(I1) < Co(II) < Ni(I1) < Fe(II1) [27], 
does not correspond to the relative sizes of the 
metal ions. It is in accordance with expectation 
that the characteristic lifetimes of water molecule 
exchange for these hexa-aquo ions. To retain all 
the metals, a shaking time of 2 h was allowed in 
the batch process. 

3.3. EjJect of‘flo~~ rote 

The effect of flow rate of the solutions through 
the column on the retention behaviour of the 
metals was studied over the range 1~ 10 ml min’. 
The adsorption of Cu(I1) remains almost un- 

changed regardless of any change in the flow rate. 
For Co(II), Ni(II), Zn(I1) and Fe(I1) no change in 
the percentage adsorption occurred up to flow 
rates of 7, 6.5, 8 and 9 ml min-‘, respectively. In 
subsequent experiments a flow rate of 5 ml min ’ 
was maintained for adsorption and 3 ml mini 
for elution. 

3.4. Ej@ct of volume of sample solution 

By varying the volume of sample solution for a 
fixed amount of adsorbent and fixed amount of 
metal, no change in the percentage adsorption of 
metals was observed up to a volume of 1 1. As the 
present investigation was carried out with 25 ml 
of sample solution, a concentration factor of 40 
was achieved and still higher concentration fac- 
tors may be obtained by decreasing the elution 
volume. 

3.5. Churacteristics and efjcectiveness of’ the 
sorben t 

To characterize the sorbent, the IR spectrum of 
the sorbent was measured first. The IR peaks 
obtained coincide with the peaks of the ligand 
(salicylaldoxime) itself, suggesting that the ligand 
was retained within the sorbent as such, without 
any structural change. In another experiment, 
ethanol was passed through the column packed 
with a weighed quantity of the sorbent to remove 
all the ligand from the sorbent. The absorption 
spectrum of the effluent was measured after suit- 
able dilution. The effluent gave absorption peaks 
identical with those of an ethanolic solution of the 
ligand. Quantitative determination showed that 
the amount of ligand supported on the silica gel 
was 27 + 2 mg gg’ of sorbent. The elemental 
analysis for C, H and N for the sorbent was again 
in conformity with the former data. 

The adsorption capacity of the sorbent for each 
of the metals under study was measured by the 
batch method (Table 1). The adsorbent showed no 
change in its absorbability even when stored for 6 
months. The process of adsorption and elu- 
tion over the synthesized adsorbent was repeated 
several times and no decline in the percentage 
adsorption was found even after 10 such recy- 
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Comparisofl of recoveries of metal ions 
--_____- __- __- 

Metal Initial Rccoverv (‘i,) 
concentrabon 
mh) Solvent extraction 1281 Ion exchange [29] Present 
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CU(ll) I 0 97 99 97 
70 98 100 99 

Zn(ll) IO 92 99 94 
20 Y3 99 96 

clings. To judge the validity of the proposed 
method. a comparison of recoveries of the metal 
ions was made with other known methods and the 
results are given in Table 2. The results show that 
the present adsorbent can act as an effective adsor- 
bent for preconcentration of the metals studied. 

4. Conclusion 

Preconcentration of the metals studied is possi- 
ble by the use of silica gel modified with salicylal- 
doxime. The sorbent is easy to prepare and is 
stable and provides reproducibility and fast ad- 
sorbability. Separation of metals from a mixture 
is even possible. A large volume of water sample 
can be treated with a relatively small column and 
preconcentrated metals can be eluted in a small 
volume of eluent, resulting in a high concentra- 
tion factor. 

Further research will concentrate on the effects 
of various cations and anions, complexing lig- 
ands, background electrolytes, ionic strength, sur- 
factants and alkali and alkaline earth metal ions 
on the preconcentration of metals. It is intended 
to develop a mathematical model to describe the 
metal preconcentration for the batch and column 
methods. 
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Abstract 

This paper reports a method for determining the stability constants of complexes in a system of coexisting 
mononuclear and polynuclear complexes based on analysis of dual isosbestic points. First it is necessary to determine 
the dissociation degrees of either of the two complexes concerned in two directions. and then their stability constants. 
With this method. the conditional constant can be evaluated by appropriate treatment and selection of the proper 
equations for solutions. For demonstration purposes the scandium:Xylenol Orange system was used to test the model 
and satisfactory results were obtained. 

Ke~~vrds(s: Coordination equilibria: Isosbestic point: Mononuclear complexes: Polynuclear complexes: Stability 
constants 

1. Introduction 

Systems of coexisting mononuclear and polynu- 
clear complexes are found repeatedly in coordina- 
tion chemistry, where the compositions of the 
complexes are usually MR and M,R or MR, and 
M,R, [l-4]. Because their equilibrium relation is 
quite complicated. methods previously reported 
for the determination of stability constants of 
complexes cannot be used for this type of coordi- 
nation equilibrium. One of use [5] has developed a 

____ 
* Corresponding author. Fax: ( I 91) 538 8226399. 

method for the determination of the constants in 
the system of coexisting MR and M2R complexes, 
although it is not suitable for the MR2 and M2R, 
model. New approaches are still required for this 
model. Making use of the characteristics of the 
isosbestic points of the absorption spectra found 
as system compositions vary, from which the dis- 
sociation degrees of MR, or M,R, complexes in 
two directions can be obtained, we have devel- 
oped a method to determine the stability con- 
stants of complexes in this case. The method is 
simple and reliable. It has been applied to the 
scandium/Xylenol Orange system, and satisfac- 
tory results are obtained. 

0039-9140,‘96 $15.00 P I996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01962-5 



2. Theory 

Suppose the reactions between metal ion M and 
l&and R are as follows (the charges are omitted 
for simplicity): 

M+2R+MR, (1) 

MR2 + M s MIR, (2) 

Their respective stability constants can be ex- 
pressed as 

K, = [MRJ[M][R] (3) 

K, = [M$,II[MR,][M] (4) 

From the mass balance equation, we obtain: 

C, = [M] + [MR,] + Z[M,R,] (5) 

C, = [R] + 2[MR,] + 2[M,R,] (6) 

where C, and C, represent the total concentra- 
tions of the metal ion and ligand respectively. If 
there are three coloured species-R, MR, and 
M&-in the system. their absorption spectra are 
as shown in Fig. 1. which is usually obtained as 

A 

M2R2 

J-P h, 
h b-4 

Fig. I. SchematIc diagram of’ the absorption spectra of’ R. 
MR,. and M,R, 

C, is gradually increased at fixed pH and C,. If 
the two reactions take place strictly in this order, 
then MRZ is first formed by reaction (I), and 
M,R, is not formed by reaction (2) until R is fully 
consumed. In the first process, [M,RJ is almost 
equal to zero. From Eq. (6), we obtain: 

C‘, = [R] + 2[MR,] (7) 

The absorbance of the solution is expressed as 

A = e,[R] + e,.,[MR,] = (cIZ2 ~ 2c,)[MR,] + +CK 

(8) 

In the second process, [R] is almost zero. Accord- 
ing to Eq. (6), we obtain: 

C, = 2[MRJ + 2[M,RJ (9) 

A = c, ,[MR,] + c, JMIRl] 

= (i:? 1 - c, 2)[M,R,] + c, ,C,,2 (10) 

From earlier discussions of the characteristics of 
isosbestic points [6,7]. we obtain c,:: = 2c, at A,, 
and L, 2 = >;? Z at ‘.<,. According to Eq. (8) and (10) 
the absorbances of the solutions corresponding to 
the points p and y are expressed as 

A,, = iiR C, (11) 

il,, = i:,,Jc;, 2 (12) 

In accordance with Eqs. (11) and (12), A,, and A, 
are constant when C, and the pH are fixed. 
Hence two isosbestic points p and y appear caused 
by the transformation of R into MR, and MR, 
into M,R,. 

In practice, it is impossible for the two reac- 
tions to take place strictly in this order, as M,R2 
can be formed before R is exhausted. Namely, 
reactions (1) and (2) overlap. In this case, the 
curves in the absorption spectra do not pass 
through the two isosbestic points but instead pass 
below them. Therefore, the absorbance of the 
solution is expressed as 

A = cJR] + E, JMR,] + &M,R2] 

= (c, 2 ~ 2e,)[MR,] 

+ ( i:: 7 - 2+JM,RJ + r:,C, 

= (c,~ ~ O.k, z)[R] 

+ (c2: - I:, JM2RJ + O.&z, ,C, (13) 



If the measuring wavelength selected is i,, and 
1’ ,,.2 = 2r:,. then Eq. (13) can be written in the form 

A, = (I:? 1 - 2i:,,)[M,R,] + i+CK (14) 

Substituting Eq. (11) into Eq. (14) yields: 

[MJGI = (A,, ~ A,)C, [ItA,, ~ A,,)] (15) 

where II,, is the saturation absorbance of M,R, 
(A,, = 0.5;:: ?CK) and is obtained by fixing C, and 
increasing CFv, to keep the absorbance of solutions 
constant. If i,, is selected as the measuring wave- 
length. and K, 2 = izl :, Eq. ( 13) can be simplified to 

AI = (CR - O.k, ,)[R] + O.~C,.,C‘, (16) 

Substituting Eq. (12) into Eq. (16) yields 

[RI = (4, ~ AX’, (A,, ~ AK) (17) 

where A, is the absorbance of pure reagent 
R(A, = r:,CR). If C, is fixed and il,,, A,, A,, and 
A, are held constant, then [M,R,] and [R] are 
only functions of A, and A7 respectively according 
to Eqs. (15) and (16). In this case we can think of 
MR, being dissociated in two directions, the dis- 
sociation reactions being written as 

M +2R z& MR, 
(X+r-/l)C,, 2 rc, (1 -“-l)c‘, 2 

& M,RI ~ M 
PC-,, 2 (Xl%-/I’)C, 2 

where Y and /I’ represent the dissociation degrees 
of MR? in the left and right directions respectively 
at the equivalence point. C,;2 represents the total 
concentration of MR,, and the equilibrium con- 
centrations of relevant species are as follows: 

[MR?]=(l -r-/i)C, 2 (18) 

[M2R2] = /I’C’, 2 (19) 

[R] = XC, (20) 

[M]=(X+r-/j,C, 2 (21) 

In Eq. (21). A-= (?C, - C,) C,. Substituting 
Eqs. (lS)-(21) into Eqs. (3) and (4). we obtain: 

K,=(l -r-/~).[(X+x-P)(xC,)‘] WI 

K, = /i [(.\- + ;! ~ /I)( 1 - x ~ /j,C’, 71 (23) 

Substituting Eqs. (19) and (20) into Eqs. (15) and 
( 17) yields: 

2 = (4, - A,):‘(A<, - AK) (24) 

B = (A,, - A, ):‘(A,, - ,4,,) (25) 

According to the above discussion, A,,, A,, A, 
and A,, are held constant at fixed C,. A, and A, 
are measurable values and x and B can be evalu- 
ated from Eqs. (24) and (25) respectively. In addi- 
tion, s is the given value in the experiment. 
Substituting these known values into Eqs. (22) 
and (23) gives K, and K?. 

3. Experimental 

A Shimadzu UV-240 double-beam spectropho- 
tometer and a pHs-2 acidimeter were used. 

A 1.98 x 10 A M solution of Xylenol Orange 
o(o) was prepared from commercial Xo which 
was purified by diethylamino ethyl-cellulose 
column chromatography [8] and its accurate con- 
centration was determined by a spectrophotomet- 
ric method [9]. A 1 .OO x 10 ’ M stock solution of 
scandium (III) was prepared from the pure oxide 
of scandium (Johnson Matthey). The working 
standard solutions were obtained by diluting the 
stock solution. HOAc.!NaOAc buffer solution 
(pH 5.50) and 1 M potassium nitrate were pre- 
pared with analytical-reagent-grade chemicals. 

To each of a series of 25 ml calibrated flasks, 
add 2.5 ml of buffer solution, a known volume of 
Xo solution. a different volume of SC solution and 
2.5 ml of 1 M potassium nitrate. Dilute to the 
mark with distilled water and mix. Stand for 10 
min and measure their absorption spectra or ab- 
sorbance. Maintain the temperature of the solu- 
tions at 20 i 1°C throughout. 



4. Results and discussion 

Two different complexes were found in the 
determination of scandium using Xylenol Orange 
as colour reagent [4,10] when the pH or the mole 
ratio of the reactants was varied. Zou and Han [4] 
investigated their compositions in detail. They 
found Sc(Xo), and Sc,(Xo), complexes at pH > 
4.5 and thought that the formation of the two 
species depended on the mole ratio of the reac- 
tants. The results we obtained were the same as 
those in the literature [4]. However, their equi- 
librium relation has not been investigated in de- 
tail. Therefore. in this work the equilibria between 
1:2 and 2:2 complexes and the reactants were 
studied. 

When pH and C,,, were fixed and Cs, was 
gradually increased, a series of solutions resulted 
with absorption spectra as shown in Fig. 2. which 
shows that Sc(II1) can form two complexes with 
Xo. Their maximum absorption wavelengths are 
490 nm and 557 nm. In addition, two isosbestic 
points exist in Fig. 2. According to the literature 
[4]. the compositions of the complexes with max- 
ima at 490 nm and 557 nm are Sc(Xo), (1:2) and 
Sc,(Xo)? (2:2) respectively. In the presence of a 
large excess of Sc(II1) with respect to the ligand, 
the 2:2 complexes predominate. With a large ex- 
cess of the ligand, the 1:2 complexes predominate. 
The first isosbestic point p is at 456.5 nm and the 
second isosbestic point q is at 517.0 nm at pH 
5.50. 

As discussed previously, in Fig. 2 all curves 
passing through point p correspond to reaction 
(1) and all curves passing through point q corre- 
spond to reaction (2). The curves passing through 
neither p nor q indicate that reactions (1) and (2) 
overlap. The experiments proved that the curves 
passed through neither p nor q in the Cs,iC,,, 
range 0.60&1.20. Sc(Xo), complexes are thought 
to dissociate in two directions in this range. Their 
dissociation degrees ;( and ,!3 are obtained from 

Fig. 2. Absorption spectra for the SC-Xo system at different 
c,, \dlm. C‘,,, - ‘.. ~ 7 00 x IO x M, pH 5.50. I cm cells, distilled 
water as reference C,,( x IO ~’ M): (I ). 0.00; (2). 0.40: (3), 
0.80: (4). I.60: (5). 2.40: (6). 3.20: (7). 4.00. 

curves passing through neither p nor q, such as 
curve 4 shown in Fig. 2. It should be explained 
that, according to the mechanism of complexation 
reactions and the above discussion, if the two 
species determined (R and M,R,) exist in the 
same solution, then the allowed C,/C, range is 
limited. The reason is simple, namely when C, > 
C, 2 the value of [M,R,] tends towards zero and 
when C, > C, the value of [R] tends towards 
zero. In addition, the C,jC, range relates to the 
absorption spectra of relevant species. Thus it is 
quite difficult to estimate it theoretically, and the 
range can only be found from the experiments 
approximately. 



Table I 

Values of log K,. log k’: .md assocrated parameters from the 

various solutions I .q,, = 0.5 18. .A,, = 0.406. .-1,, = 0.027. .1a = 

0.074) 

0.60 0.390 0.430 lY.82 4.32 IO.81 3.87 

0.70 0.38.5 0.437 18.74 5.54 IO.84 3.94 

0.80 0.381 0.448 15.77 6.60 IO.94 3.98 
0.90 0.375 0.356 13.96 8.18 I I .02 4.04 

I .OO 0.36Y 0.46 I 12.84 9.16 I I .06 4.09 

A series of solutions were prepared at fixed CXc, 
when C,, was gradually increased (0.60 < C,,, 
CXo < 1.20). We measured A, at 456.5 nm (i,,) 
and A2 at 517.0 nm (2,) with distilled water as 
reference. Substituting the values of A, and A, 
obtained into Eqs. (24) and (25). we could evalu- 
ate 3 and p. K, and Kl were then calculated from 
Eqs. (22) and (23) respectively. These results, and 
the values of the associated parameters, are listed 
in Table 1. The mean values of log K, and log K1 
are taken to be 10.93 and 3.98 respectively. The 
results given in Table 1 indicate that the method 
developed in this paper is comparatively reliable. 
However. the values of log K, or log K2 deter- 
mined increase somewhat with the ratio C, C,. 
Such a regular increase cannot be ignored and 
demands further study. 

Finally. it should be noted that, for a stepwise 
complexing system that consists of two complexes 
and a system of coexisting MR and M,R com- 
plexes, two isosbestic points similar to those in 
this paper also appear in the absorption spectra as 
the system compositions vary. The stability con- 
stants of these complexes can be evaluated by a 
similar treatment and by selecting the appropriate 
equations for solutions. Thus this method is gen- 
erally applicable and could be used. for most 
systems of coexisting mononuclear and polynu- 
clear complexes. 
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Abstract 

A solid-state nitrate ion-selective electrode based on an Urushi matrix membrane was developed. Urushi. a natural 
oriental lacquer. has excellent mechanical strength and binding affinity for metal electrodes. Using the same technique 
for a dip-coating ion-selective electrode, an electrode was prepared by coating and hardening a sensing membrane on 
the metal base. The effects of the metal electrode on the electrode potential stability. the liquid-membrane 
components and the oven temperature for hardening of membrane were studied. The sensing membrane. consisting 
of 27.5 wt.“% of o-nitrophenyl octyl ether. 27.5 wt.‘!% of tri-n-octylmethylammonium nitrate and 45 wt.% of raw 
Urushi latex. was coated with a thickness of 0.5 mm on a silver disc which was plated with Ag:‘AgCl. then plated with 
copper and hardened in the oven at 80°C for 50 h. A semi-logarithmic calibration curve of potential versus nitrate 
ion concentration was obtained over the range 6-60 000 mg I ~’ NO, The slope of the linear part of the curve was 
-56 mV per decade change in NO, concentration. Compared with a PVC matrix nitrate ion-selective electrode, the 
Urushi matrix nitrate ion-selective electrode was superior in terms of hardness and mechanical strength of the 
membrane. short response time and long life. The combination of an Urushi matrix nitrate ion-selective electrode with 
a porous PTFE junction reference electrode, air-tight structured KC1 solution chamber and a temperature sensor was 
applied to field measurements of nitrate-nitrogen concentrations in upland soils. The values obtained for upland soils 
contammg 3&5W of water were good agreement with those for soil solution. 

Kel~~tZr: Ion-selective electrode: Nitrate: Soil: Urushl matrix membrane 

1. Introduction 

An ion-selective electrode is very useful as a 

* Corresponding author. Fax: (81) 422-52-2042. 

detector in protable field analyses. The nitrate 
(NO, ) ion-selective electrode has been used to 
measure the environmental pollution of waste wa 
ter, underground water. river water, etc. Nitrate 
ion measurement plays an important role in the 

0039-9140 96 $15.00 C 1996 Elsevier Science B.V. All rights reserved 

PII SOO39-9140(96)01963-7 



nutrition diagnosis of upland soils and plants. 
Nitrogen is one of the most important compo- 
nents together with phosphate and potassium in 
plants and crops. Althouth nitrogen fertilizer is 
applied to farm land as ammonium-nitrogen 
(NH,-N). after nitrification it exists mainly as 
nitrate-nitrogen (NO?-N) in soils. In recent 
years. as chemical fertilizers have become avail- 
able at lower prices, serious problems have 
arisen with over-supply. In the measurement of 
vegetable crop soils, the solution obtained by 
centrifugation (i.e. soil solution) or by water ex- 
traction (i.e. I:5 water extraction method) is 
analysed using an ion-selective electrode. ion 
chromatography or spectrophotometry [ 1 31. 
However. farm land is extensive and variable 
and the nitrogen composition is uneven. There- 
fore. rapid and direct measurements in the field 
are rcquried instead of taking samples for labo- 
ratory measurement. 

We examined the direct measurement of ni- 
trate in upland soils in the held with a nitrate 
ion-selective electrode. We also studied a solid- 
state nitrate ion-selective electrode and devel- 
oped a combination electrode for nitrate ion 
consisting of a solid NO, ion-selective electrode 
and a reference electrode. Phenanthrolinenick- 
el(II) nitrate (Orion exchanger [ill). tridodecyl- 
hexadecylammonium nitrate (Corning exchanger 
[4]) and methyltricaprylylammonium nitrate [5.6] 
have been reported as nitrate liquid ion exchang- 
ers. Concerning liquid membrane electrodes, the 
coated wire electrode (CWE) and the PVC ma- 
trix electrode were introduced by Freiser [7]. 
Moody and Thomas [S] and others. Zhang et 
al’s method for vitamin B, with a PVC matrix 
membrane seems to be very useful and practical 
[9]. Compared with the lanthanum fluoride sin- 
gle-crystal membrane for a fluoride ion-selective 
electrode or the silver chloride silver sulphide 
heterogeneous membrane for a chloride ion-se- 
lective electrode, the above liquid membrane 
electrode for a nitrate ion-selective electrode is 
inferior in mechanical strength and durability. 
Although this PVC matrix membrane is so soft 
that it can be readily used in water. it is unsuit- 
able in contact with upland soils. To measure 
the membrane potential, one needs an inner so- 

lution containing chloride (Cl-) ion and nitrate 
(NO< ) ion. and an inner electrode such as a 
silver silver chloride (Ag/AgCl) electrode. On the 
other hand. Hiiro and co-workers [IO- 181 re- 
ported an Urushi matrix membrane which had 
excellent durability and mechanical strength. We 
tried to adapt the Urushi matrix method to the 
nitrate ion membrane and improved the electro- 
chemical contact between the Urushi matrix 
membrane and the metal electrode. We studied 
hardening conditions so as not to damage the 
liquid membrane components by heating. We 
also studied metal electrodes and their surface 
treatment. We developed an Urushi matrix ni- 
trate ion membrane that had hardness, mechani- 
cal strength, good electrode potential stability 
and good sensitivity. 

We fabricated a combination of an Urushi 
matrix nitrate ion electrode with a reference 
electrode and a temperature sensor, and applied 
it to the direct measurement of upland soils with 
a portable potentiometer operated with dry bat- 
teries. As the reference electrode, a maintenance- 
free and a semi-solid porous PTFE junction 
reference electrode with an air-tight structured 
KC1 solution chamber [19] was used. Upland 
soils usually contain 30-50 wt.% of water [20]. 
When a laboratory-use reference electrode with a 
ceramic junction is used directly in such upland 
soils, the potential of the reference electrode is 
unstable and inaccurate. The porous PTFE junc- 
tion reference electrode, with a large junction 
area and large pore size, was found to give a 
stable liquid junction potential in contact with 
upland soils contained 30-50 wt.‘% of water. 
Furthermore, we developed an Urushi mem- 
brane tip which could be easily exchanged when 
the surface of the Urushi matrix membrane was 
damaged by small pieces of gravel in the soils. 

2. Experimental 

A DKK Model IOL-40 multi-channel ion meter 
was used for laboratory measurements, a DKK 
Model HPH-1 10 handy pH:mV meter for field 
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measurements and a DKK Model PK-5 electrical 
conductivity meter for measuring the impedance 
of the liquid membrane. A Sakuma Model 50B 
centrifuge was used to obtain the soil solution. 

Several kinds of Urushi latex were obtained 
from Saito (Osaka, Japan). Tri-n-octylmethylam- 
monium nitrate (TOMAN) and o-nitrophenyl 
octyl ether (o-NPOE) were obtained from Do- 
jindo Laboratories (Kumamoto, Japan). Potas- 
sium nitrate, potassium chloride, potassium 
sulphate, potassium phosphate, hydrochloric 
acid, sulphuric acid, phosphoric acid. tri- 
methanolamine, sodium hydroxide, boric acid 
and Devarda’s alloy were obtained from Wako 
(Osaka, Japan). All chemicals were of analytical- 
reagent grade. 

PTFE powder for moulding (M 12. grain size 
ca. 20 Ltm) was purchased from Daikin Indus- 
tries (Osaka, Japan). Pure water obtained with a 
Millipore Milli-Q SP system was used through- 
out. 

The structure of the Urushi matrix membrane 

Epoq ream body ~-- 

PVC body 

gCI mner electrode 

Lead wire 

Inner sohmon 

Atrachment rubber 

Solder contact 

PTFE membrane filter 
I T  

Sll\W plate -- 

P\‘C matrix membrane Urushl matrix mambrane 

Fig. 1. Comparison of NO3 Ion-selective electrode structure 
with PVC matrix and Urushi matrix. 

_t: 

- Lead wre 

~- cap 

~ PTFE body 

Connector receptacle 

C- Liquid Junction 
(Porous PTFE resm) 

Attachment rubber 

‘m ~-~ lin~sh~ matrix membrane 

or P\‘C matrm membrane 

Fig. 2. Structure of combination nttrate ion electrode for 
direct analysis of upland soils. 

tip is shown in Fig. 1. The three types of the 
metal disc, that is, the copper disc, the silver 
and that plated first with Ag/AgCl and then 
with copper, were examined. The electrode body 
tips were prepared by sticking a silver disc or 
a copper disc (6 mm in diameter, 1 mm in thick- 
ness) on one side of the epoxy resin body with 
an epoxy bond. The silver disc or the copper 
disc had a silver wire connected on the inside. The 
surface of the silver disc or the copper disc 
was flattened and polished with emery paper 
(No. 1200 grain size). 

Some of the electrode body tips with silver disc 
were used as they were, others were plated as 
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Table I 

Membrane composition, contact metal. hardening conditions and characterista of Urushi matrix NO, ion-selectike electrode 

No. Composition Contact metal Hardening conditionsCharacteristics 

Urushi TOLlAl\r tr-NPOE 

(‘1 (0) (” u) (‘!,I) 
Temperature Time Slope Impedance Stability 

(“C) (h) (IO IOOmg I ’ (10%) (mV h-‘) 

NOT-N) 

I-l 36 36 

II-1 54 23 

II-2 45 32 

111-l 54 ‘3 

III-2 35 32 

IV-I 35 32 

IV-2 35 77.5 

PVC matrix I9 (PVC) I 

18 cu 

23 cu 

13 cu 

23 Ag 4gCl 

‘3 Ag i&Cl 

73 Ag AgCl c-u 

71 5 Ag AgCl cu 

80 

30 1000 -55 500 6 

80 50 -42 '000 3 

80 50 -56 600 8 

100 IS -30 5000 <l 

100 I8 -50 1500 <1 

80 50 -56 500 <l 

80 50 -56 800 <I 

.30 I2 -56 200 <I 

follows before use. The silver disc was plated with 
Ag;AgCI in 0.1 M potassium chloride solution 
(2.5 x 10 ’ A current, 0.5 h). Further, it was 
plated with copper in 0.1 M copper sulphate 
solution (2.5 x lop1 A current, 1 h). The Urushi 
matrix membrane was prepared by the following 
procedure. Suitable amounts of Urushi. TOMAN 
and o-NPOE were mixed on a glass plate and the 
mixture (about IO mg) was coated on the surface 
of the metal side of the electrode tip. and allowed 
to harden in an oven at 80°C for 50 h or at 100°C 
for 18 h. 

A PVC matrix membrane was prepared by the 
following procedure. PVC (0.19 g), TOMAN 
(0.01 g) and o-NPOE (0.8 g) were dissolved in 10 
ml of tetrahydrofuran (THF). A drop of the THF 
solution was dropped on a PTFE membrane filter 
disc (0.45 /lrn pore size) that was left on the 
membrane side of the PVC electrode body, and 
the THF was allowed to evaporate in an oven at 
30°C for 10 min. After the THF evaporation step 
had been repeated 15520 times. about a 0.5 mm 
thickness of PVC matrix membrane was formed 
and left for 24 h in the room air. 

A combination electrode body fabricated for 
laboratory and field measurements is shown in 
Fig. 2. This consisted of a reference electrode, a 
temperature sensor to compensate for the temper- 
ature effect of the NO, ion electrode and a 
receptacle to connect with the NO, ion electrode 
tip. An NO, ion electrode is attached to this 
body by the attachment rubber of the NO, ion 
electrode tip. The reference electrode has an Ag/ 
AgCl inner electrode and a porous PTFE junc- 
tion. The saturated KC1 solution and the KC1 
sludge are enclosed in it. The porous PTFE junc- 
tion was made as follows. PTFE powder and 
uniform particles of KC) powder were placed in a 
mould, compressed and sintered at 350°C for 5 h 
in an oven. The PTFE with KC1 powder was cut 
into the shape of the electrode body and the liquid 
junction part of it was washed with water to make 
it porous by dissolution of KC1 in the PTFE 
junction. 

After filling an inner solution (I x IO ’ mol I ’ 
KCl, I x lo-’ mol 1. ’ KNO,) and inserting an 
inner electrode (Ag AgCl electrode). a PVC ma- 
trix electrode tip such as that shown in Fig 1 was 
fabricated. 

Potential measurements with the Urushi matrix 
membrane NO, ion electrode and PVC matrix 
membrane NO, ion electrode were made with the 
combination electrode shown in Fig. 2. The per- 
formance of the electrode was examined by mea- 
suring the e.m.f. of the following electrochemical 
cell: 



PVC matrix - 
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Fig. 3. Calibration curves for Urushi matrix and PVC matrix nitrate ion electrodea 

(i) Cu[Urushi matrix membrane(sample,‘sat. 
KCI(Ag AgCl 

(ii) AglUrushi matrix membranelsample/]sat. 
KClIAg, AgCl 

(iii) Ag:AgCl:‘CulUrushi matrix mem- 
brane/samplell sat. KCl/Ag, AgCl 

(iv) Ag:AgCllinner solutionJPVC matrix mem- 
brane/samplelisat. KClIAg, AgCl 

In a laboratory measurement, the e.m.f. data 
from four electrodes were simultaneously fed to a 
personal computer from the potentiometer 
(Model lOL-40) through an RS-232C interface. 

2.6. Culihtion 

Each membrane with the combination electrode 
was immersed in 0.1 - 1000 mg 1 ’ NO,-N stan- 
dard solution (10-l mol I-’ = 14 mg 1 ’ NO,-N). 
and calibration curves for each membrane were 

measured. To each NO,-N standard solution 
5 x 10 2 mol 1~ ’ K2S0, solution was added to 
adjust the ionic strength. The electrode potentials 
were recorded after their values had stabilized to 
within +O. 1 mV min -‘. Potential-concentration 
curves were plotted as shown in Fig. 3. 

2. 7. StuhiiitJ. qf‘ rirctrode potentid 

The stability of the electrode potential was 
measured as follows. Each electrode was left in 10 
mg 1~’ standard solution for 5 days and the 
calibration curves for each electrode were mea- 
sured once a day. After the electrodes had dried in 
room air, the stability of the electrode potential 
was measured again using the same procedure. 
The electrode potentials in 10 mg 1 ’ standard 
solution were plotted as a function of elapsed 
time. 
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Fig. 4. Stability of Urushi matrix and PVC matrix nitrate ion electrode potentials. 

Each electrode was calibrated using standard 
solutions with pH varying from 1 to 12. The pH 
was adjusted by adding small volumes of H?SO, 
or NaOH to the standard solution. The electrode 
potential were recorded after their values had 
stabilized, and were plotted as a function of pH 
and NO,-N concentration. 

The membrane impedance was measured with a 
Model PK-5 electrical conductivity meter (5 V 
a.~.. 1 kHz) in 1 mol 1 ’ KNO, solution using a 
platinum electrode at room temperature. 

NO,-N standard solutions from 1 to 1000 mg 
1-I were prepared in a water-bath at 5. 25, 45°C. 

They were kept at a constant temperature to 
within +O. 1°C. The calibration curves for the 
electrode were measured in standard solution at 
5°C and then at 25 and 45°C. The electrode 
potentials were recorded after their values had 
stabilized, and were plotted as a function of tem- 
perature and NO,-N concentration. 

Selectivity coefficients were determined by the 
mixed solution method, wherein the concentration 
of NO,-N was fixed at 100 mg 1-l and the 
concentration of an interfering ion was varied. 
The selectivity coefficients, Krb. were calculated 
according to the equation Krb = Cp’Z*/CB, 
where CA and C, are the total concentration of 
NO,-N and that of an interfering ion obtained 
graphically in the sample solution, respectively, 
and z,, and zR are the charges of NO,-N and the 
interfering ions, respectively. 



1875 

The Urushi matrix membrane electrode and the 
PVC matrix membrane electrode were stored in air 
and water, respectively. and the calibration curves 
were measured once a month. The change in the 
slope between 10 and 100 mg 1~ ’ NO,-N standard 
solution was investigated. The durability on long- 
term storage is obtained from the change in air and 
that on long-term use from the change in the 
water. 

2. 13. Aturh~.ri.s of’ .soil 

Andosol that mostly occurs in the Kanto area 
in Japan was used as a sample soil. The sample 
solution was prepared by the following two 
methods. and was analysed by the manual 
method with an ion-selective electrode. 

The water extraction solution [2] was used to 
compare the present Urushi matrix membrane 
electrode with the conventional PVC matrix mem- 
brane electrode. The air-dried soil (10 g) was 
dissolved in 50 ml of 5 x 10 ’ mol I-’ K,SO, 
solution and the solution was filtered through a 
filter-paper (Toyo No. 6). The NO,-N concentra- 
tion in the 1:5 water extraction solution was mea- 
sured with the Urushi matrix combination 
electrode and the PVC matrix combination elec- 
trode. The values obtained with the Urushi matrix 
combination electrode were compared with those 
obtained with the PVC matrix combination elec- 
trode. 

The direct analysis of soil with the Urushi matrix 
combination electrode was compared with a man- 
ual analytical measurement of the soil solution. 
The soil (about 300 g. contained about 80 wt.% of 
water) that was collected from farm land was 
mixed in an airtight plastic bag and was left to 
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Fig. 6. Effect of temperature on Urushi matrix nitrate ion electrode 

homogenize for 3 days in an oven at 30°C. The 
Urushi matrix membrane electrode was inserted 
into the soil from the plastic bag. The e.m.f. 
became stable after l-3 min by slightly pressing 
the soil against the Urushi matrix membrane and 
the porous PTFE junction of the reference elec- 
trode. The soil solution was obtained from the 
soil (100 g) by centrifugation (8900 rev min ‘. 60 
min). A manual analytical measurement of the 
soil solution was made by the following procedure 
(Bremner method). The NO, was converted into 
NH, gas by steam distillation with a catalyst 
(Devarda’s alloy), and was trapped as NH,’ ion in 
absorbent solution (2% boric acid). The NH; ion 
solution was titrated with 0.1 mol ll’ Na,CO, 
with methyl red and bromocresol green indica- 
tors, and the NO,-N concentration in the soil 
solution was calculated. The values obtained by 
means of the Urushi matrix combination elec- 
trode were plotted against those obtained by the 
manual analytical method. 

3. Results and discussion 

3. I. Mrrdwune niateriul and chaructrristics 

We examined four ways of hardening the 
Urushi matrix membrane as shown in Table 1. 
Method I is Hiiro et al.‘s method, in which the 
membrane was hardened at room temperature in 
their originally manufactured oven with a rotating 
electrode holder able to provide 80-90% relative 
humidity at 30°C for 1000 h. We tried their 
method, but could not obtain sufficiently hard 
membrane. Also, the hardening time of 1000 h 
was considered to be too long. 

The hardening time was reduced when the tem- 
perature increased. Without affecting the charac- 
teristics of the slope and impedance, we lowered 
the hardening conditions in method II to 80°C 
and 50 h. As shown in Table 1, the slope and 
impedance characteristics of membranes 1 and 
II-2 were good, but we found that there was a 
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Fig. 7. Effect of temperature on PVC matrix nitrate ion electrode. 

serious problem with the stability. As Fig. 4 
shows. the e.m.f. of the electrode in a 100 mg 1 ’ 
solution changed over several days. Although the 
e.m.f. change of the PVC matrix membrane elec- 
trode early in the measurement was within 1 mV 
h ‘, that of Urushi matrix membrane electrode 
was 3-8 mV h ‘. 

We found that the surface of the copper disc 
had changed from metallic red to lusterless black 
when the Urushi matrix membrane of these elec- 
trodes was stripped off. We thought that the 
change in the e.m.f. occurred at the interface 
between the Urushi matrix membrane and the 
copper. Therefore. we tried to harden the Urushi 
matrix membrane on silver with plated Ag/AgCl 
(method III). As Hiiro et al. mentioned, we con- 
firmed that the Urushi matrix membrane needed a 
copper catalyst for hardening. Although with con- 
ditions of 130°C and 8 h we were able to harden 
the Urushi matrix membrane on silver plated with 
Ag’AgCI, the membrane was too hard to respond 

to the N03-N ion. After various examinations of 
the effect of lower temperatures on the response 
to the NO,-N ion, we obtained good results at 
100°C for 18 h. 

The characteristics of the membrane III were 
good with regard to stability, but not impedance 
and slope. A hardening temperature of 100°C 
seemed to be too high. 

We found that copper was indispensable for 
hardening as the Urushi matrix membrane silver 
plated with Ag/AgCI was superior in stability in 
the presence of copper. Furthermore, we tried to 
harden the Urushi matrix membrane on silver 
plated with Ag:AgCl and copper (method IV). 
The characteristics of membrane IV nearly 
equalled that of the PVC matrix membrane. 

Table 1 shows the membrane composition, the 
contact metal, the hardening conditions and the 
characteristics of the Urushi matrix NO, ion 
electrode. For comparison, the membrane compo- 
sition. the hardening conditions and the charac- 
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Table 2 

Selectivity coefficient\ for the Urushi matrix NO, ion elec- 

trode and the PVC matrix NO; ion electrode 

Ion (1) Selectivity coefficient (KL$& ,) 

ClO, 

I- 

Br- 

HS 

NO, 

Ch 

Cl 

RCOO 

HCO; 

so; 

HzPO; 

H PO; 

PO: 

Urushi matrix (IV-Z) PVC matrix 

k0; ion electrode NO; ion electrode 
- 

> 10’ > 10: 

50 50 

I.5 x lo-’ 1.5 x IO ’ 

I x IO-’ ISXIU ’ 

5 x IO -? 8.10 2 

5 x Iv2 7x10 2 

3x lo-? 8x10 1 

1.5x10 i 2.i x IO 1 

1.5 x IO 3 2x10 1 

<In-; <IO i 

<lo-’ <IO i 

i IO-’ <IO 1 

< 10-l <IO 2 

teristics of the PVC matrix NO, ion electrode are 
also shown in Table 1. In this case, PVC was used 
instead of Urushi and the contact metal was not 
used. 

Fig. 3 shows the calibration curves for the 
Urushi matrix membrane electrode and the PVC 
matrix membrane electrode. The electrode poten- 
tial of the PVC matrix membrane electrode is the 
e.m.f. when the inner solution is 1 x 10 ’ mol 1 ’ 
KCI, 1 x IO ’ mol 1~~’ KNO,. and can be 
changed by varying the composition of the inner 
solution. For the Urushi matrix membrane elec- 
trode. the electrode potential is changed with the 

Table -3 

Durability of the membrane on lent-term storage 

Time 

(months) 

Slope in IO I00 mg 1~ ’ NO;-N cm\:) 

Urushi matrix membrane 

contact metal. which is copper or silver. The slope 
for 0.1~ 1 mg l- ’ NO,-N was -40 mV with the 
PVC matrix membrane electrode and was -35, 
- 13, -38. -11, - 15. -39 and -42 mV with 
the Urushi matrix membranes I-l, II-l, 11-2. III-l, 
111-2, IV-l and IV-2, respectively. 

Fig. 4 shows the change in the electrode poten- 
tial in 10 mg ll’ NO,-N standard solution. Al- 
though the data for membranes I-l, 11-2, III-2 
and IV-l are shown. the patterns of the changes 
between II-1 and 11-2, between III-I and III-2 and 
between IV-I and IV-2 were almost the same. The 
pattern of the changes is obviously distinguished 
by the kind of contact metal (copper or silver). 
The change in electrode potential seems to be due 
to the potential change at the interface between 
the Urushi matrix membrane and the contact 
metal after the Urushi matrix membrane had 
gradually absorbed moisture. Therefore, after the 
5-day measurement, and after the electrode had 
dried completely (for l--2 weeks) in the room air, 
the same pattern of the potential change was 
repeated. 

The pH dependence of the Urushi matrix mem- 
brane electrode is shown in Fig. 5. It can be seen 
that the electrode is not influenced in the pH 
range 2- 10. In the lower concentration range (1 
mg Il’ NO,-N). even between pH 2 and 10, a 
small increase in potential occurred. It would be 
preferable if the measurements were made at pH 7 
with 0.05 mol 1-l phosphate buffer solution. 

PVC matrix membrane 

Storage in water 

- 56 

- 54 
- so 
-40 
- 20 
- I5 

Storage in air 

-56 

-55 
-53 
-50 
-46 
-40 
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Fig. 8. Correlation between Lrushi matrtx electrode measurement and PVC matrix electrode measurement for the water extraction 

sample of soil 

The temperature dependences of the Urushi 
matrix membrane electrode and the PVC matrix 
membrane electrode are shown in Figs. 6 and 7, 
respectively. The isothermal point of the Urushi 
matrix membrane electrode is calculated as 10’ 

mg 1 ’ NO?-N; this is higher than the 5 x 10 mg 
1- ’ NO,-N for the PVC matrix membrane elec- 
trode. With increase from 10 to 100 and 1000 mg 
ll’ NO,-N in the sample solution, the electrode 
potential of the Urushi matrix membrane elec- 
trode rises at 1.4, 1.2 and I mV ‘C’ with in- 
crease in termperature, respectively (0.75. 0.6 and 
0.4 mV “C -.’ for the PVC matrix membrane 
electrode). For field measurements. the tempera- 
ture compensation should be done electrically. 

3.4. Ejjkt of’ intrrJ;ring compounds 

The interference results are shown in Table 2. 
The selectivity coefficients followed those for most 
liquid ion-exchange membrane electrodes. There 
were no differences between the Urushi matrix 
membrane and PVC matrix membrane, essentially 
because the sensing membrane to NO, ion was 
the same. Halide ions, especially Cl , mainly in- 
terfere with measurements with the NO; ion elec- 
trode. In normal operation, interference from 
HCOc and RCOO- should also be taken into 
account. 

Table 3 shows the slope for lo-100 mg ll’ 
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Fig. 9. Correlation between direct measurement with Urushi matrix nitrate ion electrode and manual measurement by the Bremner 
method for the soil solution sample. 

NO,-N for the Urushi matrix membrane and 
PVC matrix membrane after long-term storage. 
The characteristics of the liquid membrane ion-se- 
lective electrode were gradually lost because a 
portion of the membrane components volatilized. 
The Urushi matrix membrane had kept its initial 
characteristics compared with those of the PVC 
membrane after 18 months in practical use. 

3.6. Direct twasurement of NO,-N in uplund 
soils 

In the measurement of 1:5 water extraction 
solution, as Fig. 8 shows, the values with the 
Urushi matrix membrane electrode are good agree- 
ment with those with the PVC matrix membrane 
electrode (r’ = 0.996, y = 0.92x + 1.7). 

The correspondence between direct measure- 
ments on soils with the Urushi matrix combination 
electrode and the manual analytical measurement 

of soil solution is shown in Fig. 9 (r* = 0.994, 
y = 1.05x + 11). Therefore, we conclude that the 
Urushi matrix NO; ion electrode is able to mea- 
sure NOj ion in the soil solution when the elec- 
trode is directly inserted into the soils, without 
interference from small amounts of gravel. 

The pH range of the upland soil used as veg- 
etable crop soil was approximately 4-8. Although 
soils with pH 4 below exist (i.e. acid soils), these 
soils are not good for growing crops. For soils that 
need nutrition diagnosis, the Urushi matrix mem- 
brane electrode was able to measure NO, ion 
directly without adding pH adjustment buffer solu- 
tion. Concerning interferences, Milham et al. [3] 
suggested the use of a buffer solution to eliminate 
interfering ions such as Cl-, HCO,~ and RCOO- 
in soil analysis. Since buffer solution could not be 
used in the direct measurement of soils, the mea- 
sured values for soils that included sea water were 
higher than the true values because of interference 
from Cl ~. 
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4. Conclusion 

From studies of an Urushi matrix nitrate ion 
membrane and a contact metal, the Urushi 
matrix membrane electrode was shown to be 
equal to the PVC matrix membrane electrode with 
regard to detection range and selectivity. 
It was found that the Urushi matrix method is 
one of the most useful approaches for making a 
liquid membrane into the solid state. The Urushi 
matrix nitrate membrane had hardness and me- 
chanical strength, and showed advantages of a 
short response time and a long lifetime. The com- 
bination of the Urushi matrix nitrate ion electrode 
with the porous PTFE junction reference elec- 
trode was able to measure NO,-N directly in 
upland soils and was found to be very useful for 
the nutrition diagnosis of soils. 

By making the liquid sensing membrane 
for an ion-selective electrode into the solid 
state, many practical applications can be expected 
in field measurements with ion-selective elec- 
trodes. 
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Simple solvent extraction technique for elimination of matrix 
interferences in the determination of methylmercury in 

environmental and biological samples by ethylation-gas 
chromatography-cold vapor atomic fluorescence spectrometry 

Lian Liang”.b.‘.*, Milena Horvat”, Elsa Cernichiarib, Bob Gelein”, Steven Baloghd 

Abstract 

A solvent extraction technique involving no critical clean-up steps was developed for the determination of 
methylmercury (MeHg) in environmental and biological samples by aqueous phase ethylation, room temperature 
precollection, gas chromatographic separation and cold vapor atomic fluorescence spectrometric detection. Samples 
were first digested with KOHPmethanol. then acidified prior to extraction with methylene chloride. MeHg was 
back-extracted from the solvent phase into water prior to aqueous phase ethylation. Recoveries close to lOO’/o were 
obtained with RSDs less than 5% for all samples analyzed, making direct standardization possible. The detection 
limits were about 0.08 ng g- ’ when analyzing 0.1 g of dry sea plant homogenate and 0.02 ng g when analyzing 0.5 
g of wet sediment samples. Various certified reference materials and intercomparison samples, including sediments, 
sea plants and tissues. were analyzed. and the results were in good agreement with the certified values. The technique 
was applied to the determination of MeHg in both sea plants from the Atlantic and the red blood protein of dolphins 
from the Mediteranean Sea. in sediments from the Mediterranean Sea and Minnesota rivers and in soils from 
different origins. Concentrations of MeHg in dolphin red blood protein samples were as high as 300 ng g- ‘. 

Kqword~: Cold vapor atomic fluorescence spectrometry: Ethylation; Gas chromatography: Matrix interferences; 
Methylmercury: Solvent extraction 

I. Introduction 

-- 
* Corresponding author. Tel.: + 503 231 4854: fax: r 503 

331 9344. 

Methods based on aqueous phase ethylation 
with sodium tetraethyl borate [l] for the determi- 
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nation of methylmercury (MeHg) by gas chro- 
matography-cold vapor atomic fluorescence spec- 
trometry (GC-CVAFS) have significant 
advantages over other methods. and are now in 
wide use [2,3]. The primary advantage of the 
methods lie in the easy isolation of MeHg from the 
sample matrix by a simple purging of the volatile 
ethylation product, methylethylmercury. Tedious 
and involved critical clean-up steps [4] are thus 
unnessary. However, owing to severe matrix inter- 
ferences with the ethylation reaction [2,5]. only 
very small sample sizes can be used, hence only 
samples with relatively higher MeHg concentra- 
tion can be analyzed, limiting the method’s appli- 
cability to samples with low MeHg concentrations. 
To eliminate these interferences, a distillation tech- 
nique was developed [6,7] which allows the appli- 
cation of the ethylation procedure for low MeHg 
concentrations in complex matrices. This method 
is now widely used. A number of valuable results 
have been obtained using this technique [8,9], 
which greatly promoted research on the biogeo- 
chemical cycle of mercury. However. we found 
that when high Hg2+ containing samples were 
distilled, a large amount of Hg’+ was transfered 
to the distillates. It has been found that owing to 
the presence of a large amount of Hg’+, MeHg 
artifact may be formed during ethylation reactions 
in some cases [6]. Since distillation cannot isolate 
MeHg from Hg’+ , this problem cannot be elimi- 
nated by the technique. In addition, when samples 
containing large amounts of volatile compounds 
are distilled, volatile components transferred to 
the distillate interfere with the ethylation reaction 
and/or deposit on the GC column, suppressing the 
GC signal and preventing accurate determina- 
tions. Moreover, the distillation technique requires 
unusual equipment which most general laborato- 
ries do not have. To overcome these problems, a 
simple solvent extraction technique involving no 
critical clean-up steps was developed. 

Some solvent extraction procedures have been 
developed for determining MeHg by GC-electron 
capture detection. As this detection method is not 
specific for mercury, very critical and tedious 
clean-up steps had to be used [4,10] to avoid 
chromatographic interferences. In the present 
work. the mercury-specific atomic fluorescence de- 

tector was used, eliminating chromatographic in- 
terferences. 

The solvent extraction demonstrated here serves 
simply to isolate MeHg from the major matrix in 
order to eliminate interferences with the ethylation 
reaction. resulting in a simplified technique. Re- 
cently, another solvent extraction technique was 
developed for the determination of organic mer- 
cury compounds by HPLC-AFS [ll]. In that 
procedure, the mercury was first chelated with 
dithizone reagent and extracted into chloroform in 
the presence of citrate buffer. The solvent phase 
was separated from the slurry by filtration. The 
derivative of inorganic mercury in the solvent 
phase. dithizone-mercury complex, was destroyed 
with HNO,. and entered the aqueous phase, while 
MeHg remained in the solvent phase, thus sepa- 
rated from the inorganic mercury. The organic 
compounds were finally back-extracted into the 
aqueous phase with sodium thiosulfate solution 
buffered with ammonium acetate. A recovery of 
80% was reported. Compared with that procedure, 
the technique presented here has the advantages 
that no buffers or chelators were used, and only 
HCl and CH,Cl, were employed for the extrac- 
tion. Recoveries close to 100% were obtained, 
making direct standardization possible for all 
kinds of samples, ensuring the reliability of the 
method. 

2. Experimental 

2. I. Instrwnentution, niuteriul.5 mnd reugents 

The instrumentation, materials and reagents 
used have been detailed elsewhere [2,3]. In the 
analytical procedure, a Model 2500 CVAFS mer- 
cury dector from Tekran (Canada) was also used, 
and only Tenax traps [3] were used for precollec- 
tion of ethylation derivatives. 

2.2. Sokent e.~truction procedure 

Depending on the MeHg concentration, an ap- 
propriate aliquot of sample (typically 0.05-0.2 g 
of dry sample. or 0.1-0.5 g of wet sample) was 
weighted into a Teflon vial or bottle. In this work, 



30 ml Teflon FEP bottles (H-06327, Cole Partner. 
USA) were used. Two ml of 25% KOH-methanol 
were added and the bottle was then capped tightly 
and heated in an oven at 75°C for 3 h for diges- 
tion. The digestate was allowed to cool to room 
temperature. A 6 ml volume of CHZCl, 
(GC60616-4. GC’. Baxter Scientific Products. 
USA) were added to the digestate, and 1.5 ml of 
concentrated HCl were then added slowly. The 
mixture was capped and shaken for IO min with a 
shaker. The mixture was poured into a Teflon 
FEP separating funnel (50 ml, H-06125-10. Cole 
Parmer) and, after the phases had separated. the 
lower solvent phase CH,Cl, was collected in a 125 
ml Teflon bottle. Another 6 ml of CH$Zl, were 
added to the separating funnel, the slurry was 
washed and then separated and CH,Cl, was col- 
lected in the 125 ml Teflon bottle. For small 
sample sizes, the slurry was washed once only. 
For larger sample sizes. the slurry was washed 
twice. Then approximately 80 ml of deionized 
water were added to the solvent phase in the 125 
ml Teflon bottle. This bottle was placed in a 
water-bath at 80°C for solvent evaporation, i.e. 
back-extraction. Residual solvent remaining after 
the back-extraction was purged with nitrogen or 
other gases for 2 min. Prior to the ethylation 
reaction, the final volume was brought to a 
known amount unless the whole extract was to be 
analyzed. Depending on the concentration of 
MeHg. an appropriate aliquot was placed in the 
bubbler for the ethylation reaction. following the 
procedure described elsewhere [3]. For non-homo- 
geneous samples, large sizes are required, and 
the volume of KOH-methanol solution is pro- 
portionally increased. However, after alkaline 
digestion, only part of the digestates is quantita- 
tively taken for solvent extraction. 

3. Results and discussion 

Alkaline digestion has been widely used for the 
release of mercury compounds from tissues. Over 
the past decade, many certified reference materials 
and intercomparison samples have been analyzed 

directly after alkaline digestion by aqueous phase 
ethylation and GC-CVAFS, with recoveries close 
to 100% [5], indicating that mercury compounds 
are released completely by alkaline digestion. This 
is the basis of the technique described here. It was 
found that 2 ml of 25% KOH-Methanol were 
sufficient for digesting dry samples up to 0.5 g. 
The use of a considerably larger sample size is not 
necessary since the CVAFS is an extremely sensi- 
tive detector. In this technique. the MeHg was 
finally extracted from an acidified slurry of KC1 
and sample substances. A larger sample size re- 
quires more alkali-methanol and HCl, yielding 
more slurry and making the following steps (sepa- 
rating and washing) difficult, ultimately reducing 
the recovery. Therefore, larger sample sizes are 
not recommended. However, for non-homoge- 
neous samples, it may be necessary to use larger 
sample sizes to improve the analytical accuracy, 
In this case. a sample as large as several grams 
can be used and more KOH-methanol should be 
added. After the alkaline digestion, however. only 
an appropriate aliquot of digestate should be 
taken for solvent extraction. After separation of 
the solvent phase, the slurry needs to be washed 
again with CH,Cl, to achieve maximum recovery. 
For smaller samples sizes. we washed the slurry 
once. For larger sample sizes, however, and de- 
pending on the amount of slurry, two or more 
washings were required. 

In principle, MeHg can be extracted quantita- 
tively from an acidic solution into an organic 
solvent. In this work, HCI was used for neutral- 
ization and acidification of the strongly alkaline 
digestate slurry. To optimize the acidification con- 
ditions, a series of aliquots (0,135-O. 150 g) of 
certified reference sediment, IAEA 356. were di- 
gested with 2 ml of 25% KOH-methanol. Follow- 
ing the addition of 6 ml of CH,Cl, to each of the 
cooled digestates, various volumes of concen- 
trated HCI were added. and the slurries were 
shaken for either 20 s or 10 min. The results are 
shown in Fig. 1. When 0.5 ml of HCI was added. 
the pH of the slurry was > I2 and the recoveries 
were very low. When 1 ml of HCl was added, the 
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pH was < 2 and 100% recovery was reached by 
shaking the slurry for 10 min. indicating that the 
recovery increased with increasing acidification. 
In addition, it was found that the amount of 
inorganic mercury (Hg”) transferred to the or- 
ganic solvent decreased with increasing HCI vol- 
ume. Sediment samples generally contain higher 
concentrations of Hg’- , and the transfer of Hg’- 
to the extract can make chromatography difficult. 
This should be taken into account in optimizing 
the extraction conditions. The optimum condi- 
tions should be those at which the recovery ot 
MeHg is maximized, while Hg’+ transfer to the 
solvent phase is minimized. Thus, using more HCl 
should be suggested. However. when HCl vol- 
umes were increased further. a decrease in MeHg 
recovery was found. This is because an increased 
HCl concentration may decompose some of 
MeHg. Using the amount of HCl chosen in this 
work. most of Hg” was isolated with the other 
matrix, and no problem caused by Hg’- trans- 
ferred to the extract was observed. and therefore 
it was not necessary to increase the HCI volume 
here. With respect to shaking time. the two curves 
in Fig. 1 show that, at the same acidification. 
shaking for 10 min generally yields higher recov- 
eries. In addition, no plateau was found on the 20 
s shaking curve, suggesting that a longer shaking 
time should be used. 

To optimize the shaking time further, a series of 
IAEA 356 digestates acidified with 1 or 2 ml of 
HCI were shaken for different times. The results 
are illustrated in Fig. 2. Considering the results 
shown in Figs. 1 and 2 in detail, we decided to use 
1.5 ml of HCI for acidification and to shake for IO 
min. 

3.4. Elf&t oj the rrrtio oj’ CH,Cl, to 
KOH-t~wthunol solution on the extraction 
recorer)’ 

In principle, as the ratio of CH,Cl, to KOH- 
methanol solution increases, the amount of MeHg 
in the CH,Cl, phase should also increase. We 
found that recoveries close to 100% can be 
reached at a ratio of 3:l. Thus. when using 2 ml 
of KOH-methanol, 6 ml of CH,Cl, should be 
used. 

3.5. Arzalyticd prrformnnw 

The analytical performance of the technique 
was evaluated by analysis of various certified ref- 
erence materials and intercomparison samples 
with different concentration levels. The results are 
listed in Table 1. It can be seen that, except for 
LUTS-I, excellent agreement was obtained 
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between the obser\,ed and certified values. For the 
material LUTS-1. the results are far from the 
certified value. We carefully analyzed it further bq 
both direct ethylation of alkaline digestates and 

Table I 
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DORM-I 
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distillation. The results of these three techniques 
were in good agreement. This suggests that the 
concentration of MeHg in this sample is not as 
stable as that in dry biological materials, and that 
it has changed after several years of storage. It is 
worth noting that. for the analysis of the sea plant 
sample. we tried to use distillation, but severe 
interference with the ethylation reaction was ob- 
served. .4pparently, the problem stems from 
volatile compounds transferred to the distillate, 
making the analysis impossible. However. no ana- 
lytical problem was encountered with solvent ex- 
traction. In this case. the technique was the only 
choice. The results listed in Table 1 were obtained 
against pure aqueous standards without correc- 
tion for spike recovery. This is a significant ad- 
vantage compared with other techniques 
[2,6,7.1 I]. where the results need to be corrected 
for spike reco\-eries. 

As mentioned above. the technique developed 
here showed significant advantages for the analy- 
sis of samples containing high concentrations of 
Hg’ * . such as sediments. In addition, for samples 
containing large amounts of organic volatile com- 
pounds which may pass to the distillate during 



distillation. thus causing an interference with the 
ethylation reaction. the solvent extraction should 
be preferred. The analysis of sea plants mentioned 
above is one of these cases. Eggs and milks are 
also rich in organic volatile compounds. while low 
in MeHg concentration. for which the technique 
would be the best choice. 

In addition, the analysis of whole blood and red 
blood protein can show severe interferences with 
the ethylation reaction. We carefully analyzed red 
blood protein samples of 13 dolphins from the 
Mediterranean Sea by the direct ethylation of 
alkaline digestates. Poor spike recoveries were 
obtained. and the observed precision was poor. 
However, recoveries close to 100’>(1 were obtained 
with excellent precision using the solvent extrac- 
tion technique. A mean concentration of 207.6 k 
72.5 ng g ’ was found by solvent extraction. 
compared with 78.8 ? 43.6 ng g ’ by direct ethy- 
lation of alkaline digestate. Unfortunately, there 
are no blood samples certified for MeHg. We also 
used the technique for the analysis of sediment and 
soil samples from the Mediterranean Sea and 
Minnesota rivers and also other origins with sat- 
isfactory results. Some of them are typical high 
Hg’ + -containing and organic-rich samples. We 
also used the technique for the determination 01 
MeHg in sludge samples with good results. These 
sludge samples were dried by centrifugation prior 
to alkaline digestion and solvent extraction. 
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Abstract 

A unique integrated separation-based fiber-optic sensor for remote analysis. that incorporates capillary elec- 
trophoresis (CE) directly at the fiber sensing terminus is described for the first time. Based on laser-induced 
fluorescence detection, the sensor offers the potential for high sensitivity. Although the broad-band nature of 
fluorescence spectra limits selectivity. the high separation power of CE provides a unique dimension of selectivity, 
while permitting a design of diminutive size. Previously reported fluorescence-based sensors that utilize a chemical 
reagent phase to impart selectivity tend to be inflexible (not readily adaptable to the detection of different species) and 
“one-measurement-only” sensors. Conversely, the CE-based fiber-optic sensor described here is both versatile and 
reusable. The analysis speed and the potential for remote control are further attributes which make the system 
amenable to remote sensing. A “single-fiber” optical detection arrangement and a “single-reservoir” CE system with 
the fiber-optic probing the outlet of the separation capillary are employed. A preliminary evaluation of the separation 
characteristics of this CE-based sensor is presented. Highlights include an observed separation efficiency of up to 3000 
theoretical plates (8 cm separation capillary) and migration time reproducibility of less than 10% for frontal mode CE 
separations. The potential utility of the sensor for remote analysis is demonstrated with separations involving the CE 
analysis of charged fluorescent dyes, CE analysis of metal complexes based on in situ complexation and micellar 
electrokinetic capillary chromatographic analysis of neutral fluorescent compounds. 
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1. Introduction 

A unique integrated separations-based fiber-op- 
tic sensor (SBFOS) for remote analysis, that in- 
corporates capillary electrophoresis (CE) directly 
at the fiber terminus, is described for the first 
time. Fiber-optic-based sensors have been the 
focus of intensive research and development over 
the past two decades [l 61. Since sensing applica- 
tions involve in-situ measurements, the issue of 
selectivity is often critical. As a result, fiber-optic 
sensors have been demonstrated to yield selective 
detection in infrared [7], Raman [8,9] and surface- 
enhanced Raman spectroscopy [lo- 121 and vari- 
ous modes of spectroelectrochemistry [ 131. 
Vibrational spectroscopic methods offer selectiv- 
ity owing to the uniqueness of the spectra in- 
volved. Unfortunately, sensitivity is limited with 
those techniques. Although fluorescence-based de- 
tection is sensitive, spectral selectivity becomes 
more challenging owing to the broad-band nature 
of fluorescence spectra. However, fluoresence- 
based sensors that exhibit high selectivity have 
been developed by immobilizing at the fiber termi- 
nus substances such as permeability-selective 
polymer films [ 14- 181 or chemically-selective 
affinity reagents (e.g. antibodies or enzymes) [19-- 
241. Such systems are generally inflexible and are 
not readily adaptable to the detection of different 
species. Furthermore, they tend to be “one-mea- 
surement-only” sensors. An extremely versatile 
element of selectivity that has not been adapted to 
fiber-optic sensing is that afforded by chemical 
separations. In particular, capillary electrokinetic 
separation techniques offer the attributes of high 
separation efficiency, speed, diminutive size, ver- 
satility and remote control. all of which are poten- 
tially important in the development of SBFOSs. 

In the decade following the seminal paper de- 
scribing modern CE [25]. the prominence of the 
technique has grown dramatically. Most com- 
monly, separations of ionic solutes are performed 
in modest length (25 -75 cm), narrow bore (25-- 75 
/irn i.d.) capillaries filled with an aqueous running 
buffer solution. Electric fields of 100-500 V cm ’ 
transport solutes through the capillary based on 
electroosmotic flow (EOF) and electrophoretic 
migration [26,27]. Perhaps the most significant 

advantage of the technique is the characteristic 
“plug-like” profile of EOF, which results in ex- 
traordinary efficiency (plate counts of 103- IO’ per 
cm of capillary are generally observed). Low-n] 
sample volume requirements and short analysis 
times are also relevant attractive features. As an 
electrokinetic phenomenon, CE has primarily 
been demonstrated to yield extremely efficient 
separations of charged solutes ranging from small 
inorganic ions to large proteins and oligonucle- 
otides. However, neutral compounds have been 
separated via electrochromatographic modes of 
CE that involve adding micelles or cyclodextrins 
to the running buffer [28,29]. In fact, micellar 
electrokinetic capillary chromatography (MECC) 
has proven to be a valuable electrokinetic tech- 
nique for separations of neutral compounds [28]. 
Another significant advantage of CE is the ease of 
such buffer modifications, thus affording tremen- 
dous flexibility for any single CE apparatus. In 
addition to the examples cited above, these buffer 
modifications include the use of zwitterionic sub- 
stances, crown ethers, linear hydophilic polymers, 
organic modifiers, metal ions and complexing lig- 
ands [30]. In the light of the above factors, it is 
clear that CE has far-reaching applications and a 
wide range of selectivities. CE has been imple- 
mented in conjunction with electrochemical detec- 
tion to probe the microenvironments of biological 
systems (e.g. single cells) using what have been 
termed “separations-based sensors” [3 1,321. HOW- 
ever, to our knowledge, separation technologies 
such as CE have not been incorporated as an 
element of selectivity in fiber-optic-based remote 
sensing. 

The work reported here was undertaken to 
demonstrate the feasibility of integrating CE 
methodologies with fiber-optic sensing. Although 
capillary and fiber-optic dimensions are compara- 
ble, there are significant obstacles and complex 
considerations when integrating these technolo- 
gies (see below). In this work, a “single-fiber” 
optical arrangement is employed [20@24]. The 
sensor is configured as a “single-reservoir” minia- 
turized CE system interfaced to a fiber-optic that 
monitors the outlet of the separation capillary. 
The relatively short separation capillary is simply 
filled with the buffer solution prior to measure- 



ment. The sample acts as what is normally the 
injection-side reservoir and the performance of 
the sensor is evaluated in these studies using 
frontal electrokinetic modes of separation. The 
resulting linear sensor design should be well suited 
for many remote sensing applications. 

We have demonstrated high sensitivity with 
fiber-optic sensors that employ laser-induced 
fluorescence (LIF) as the detection mode [20-241. 
However, the work described in this paper was 
primarily focused on a preliminary evaluation of 
the separation (i.e. selectivity) characteristics of 
the SBFOS. 

2. Experimental 

The fluorescent dyes sodium fluorescein (E.M. 
Science, Cherry Hill, NJ, USA), Rhodamine 6G 
(Rhodamine 590) (Exiton. Dayton, OH. USA), 
and fluorescein isothiocyanate (FITC) (Sigma 
Chemical, St. Louis, MO, USA), were purchased 
at the highest commercially available purity and 
used as received. MgSO, and CaSO, (Baxter, 
Stone Mountain, GA. USA) were also used as 
received. The running buffer solution used was 
composed of 10 mM sodium phosphate. dibasic 
(J.T. Baker. Phillipsburg, NJ, USA) and 6 mM 
sodium tetraborate (Fisher Scientific, Fair Lawn. 
NJ. USA). Water used to prepare the buffer 
solution was purified with a Waters Milli-Q + 
filtration system. In general, the fluorescent dye 
solutions were approximately 0.1 mM in running 
buffer. A complexing agent, 8-hydroquinoline-5- 
sulfonic acid (HQS) (Sigma), was used for on- 
column (in situ) labeling of metal ions. For metal 
ion separations. the running buffer contained 2.5 
mM HQS. Metal ion sample solutions were 0.5 
mM CaSO, and 0.1 mM MgSO,. A sample of Big 
Limestone Creek water was obtained from a site 
in Washington County. TN, and used in these 
studies without any modification. The methyl- 
amine and n-propylamine used for MECC work 
were obtained from Fisher and derivatized with 
7-chloro-4-nitrobenzofurazan (NBD-C) from 
Aldrich Chemical (Milwaukee, WI. USA). If 

derivatization was complete, sample solutions of 
the NBD-amines were 0.1~ 1 mM. The surfactant 
used for MECC separations, sodium dodecyl sul- 
fate (SDS), was purchased at 99% purity from 
Sigma. Separation capillaries were obtained from 
Polymicro Technologies (Phoenix, AZ, USA) and 
rinsed with 0.1 M NaOH prior to use. 

Fig. 1 depicts the general design of the sensor, 
which is composed of the following five essential 
components: (i) the separation capillary, (ii) the 
fiber-optic. (iii) a hydrostatic flow-restricting cap- 
illary, (iv) a low-volume, PEEK tee fitting and (v) 
the sample-side-detection-side electrode pair. 
Two such sensors were assembed for experiments 
performed at two separate sites, the University of 
Tennessee. Knoxville (UTK) and Oak Ridge Na- 
tional Laboratory (ORNL). The ORNL sensor 
was used for initial evaluations of the SBFOS 
involving CE separations of charged fluorescent 
dyes. The UTK sensor was used for all other 
SBFOS evaluations, involving CE separations of 
HQS --metal complexes and MECC separations of 
neutral fluorescently derivatized amines. Common 
to both sensors was the non-metallic PEEK tee 
(Upchurch. Model P712). The two opposing ports 
of the tee were used to position the fiber- 
optic on-axis efficiently with and very close to the 
end of the separation capillary. The third port 
(perpendicular to the separation/optical axis) al- 
lowed the flushing of the sensor. This side port 
also housed the restrictor capillary and detection- 
side electrode. Channels extending from each port 
to the central union of the tee were of diameter 
0.020 in and length approximately 0. I9 in. Other 
components of the sensor varied depending on the 
version involved (see below). 

In addition to the tee and electrode pair, the 
SBFOS sensor assembled at ORNL was com- 
posed of the following: (i) separation capillary (8 
cm x 50 pm i.d.), (ii) fiber-optic (General Fiber 
optics. Model 14-200. 1 m x 200 pm core diame- 
ter). and (iii) restrictor capillary (3 cm x 15 pm 
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i.d.). The separation capillary was affixed (5 min 
epoxy, Devcon) within the 0.020 in bore of a 3 cm 
segment of PEEK tubing (l/l6 in 0.d.). The 
PEEK tubing provided an air-tight coupling to a 
flangeless ferrule and facilitated connection to the 
tee with a threaded. finger-adjustable fitting. The 
capillary itself extended from the fitting assembly 
into the narrow bore at the center of the tee. The 
ends of the 1 m fiber-optic were polished with 
alumina lapping paper down to 0.3 /lrn grain. The 
fiber was affixed within PEEK tubing and con- 
nected to the tee in a manner similar to that used 
for the separation capillary. 

The side port. used for flushing or filling the 
sensor. was furnished with a syringe needle which 
had been modified to accommodate the restrictor 

capillary during electrophoresis. The syringe 
needle was carefully secured within the bore of the 
finger-adjustable threaded fitting without displac- 
ing the ferrule. The restrictor capillary was affixed 
within a short (445 mm) section of l/l6 in o.d. 
PEEK tubing. allowing an air-tight seal with the 
ferrule. This capillary was also arranged to extend 
into the narrow bore of the tee as shown in Fig. 1. 
The metal shaft of the syringe served as the 
detection-side electrode, and was therefore a 
source of gas formation during electrophoresis. 
However, the side port capillary provided a phys- 
ical barrier against the introduction of gas bub- 
bles into the tee. Residual liquid in the syringe 
needle fitting cone which engulfed the outside end 
of the restriction capillary allowed completion of 



the electrical circuit even though the side port was 
left open to the atmosphere during electrophore- 
sis. The sample-side electrode, electrically isolated 
from the CE sensor assembly, was set at positive 
bias voltages during separations using a Hipotron- 
its 20 kV high-voltage power supply (Brewster. 
NY. USA). 

2.3. L.TK .Y~~II.\oI~ 

The SBFOS sensor used for studies at UTK was 
assembled as described above except that the re- 
strictor capillary was 5 cm x 25 /lrn i.d. and the 
fiber-optic was a Polymicro Technologies Mode1 
FVP 100 with a 100 /tm core diameter. Because 
the fiber-optic was smaller in diameter than the 
ORNL version. the end to be inserted into the 
SBFOS was aftixed within the bore of a 10 cm 
section of 180 /lrn i.d.. 400 jtrn o.d. capillary. The 
fiber tip. cement and encasing capillary were then 
collectively polished to a flush surface with lap- 
ping paper. Otherwise. assembly and application 
to electrical fields for the two sensors were identi- 
Gil. 

2.5 SBFOS optic.c md instrw)lt~tltrrtiotl 

The optics and instrumentation varied slightly 
between the two sites. Fig. 2 illustrates the optical 
arrangement used for SBFOS detection of fluores- 
cent dyes at the ORNL site. The 457.9 nm line (10 
mW) of an argon ion laser (Coherent. Innova-70) 
was the excitation source. The laser beam was 
directed through the hole of a plane mirror into a 
50 x objective lens (Newport. Model L5OX). 
which focused the laser beam on to the fiber-optic 
of the SBFOS. Optimum coupling of the laser 
beam to the fiber was facilitated with an .Y, .I’, : 
fiber positioner. The fiber transmitted both the 
laser excitation and sample fluorescence signal to 
and from the sensor. while the plane mirror (with 
the hole) served as a pseudo beam splitter, ori- 
ented at 45” with respect to the excitation beam 
axis. The fluorescence signal from the SBFOS 
exited the fiber and was collimated by the objec- 
tive lens. A majority of this collimated signal 
beam was reflected 90” off-axis towards a relay 
fiber-optic (600 /lrn core. Fiberguide Industries). 

A 480 nm “cut-on” filter was inserted into the 
signal beam to reject the unwanted Rayleigh scat- 
ter. The detector was an uncooled photomultiplier 
tube (PMT) (RCA, Model IP-28) operated at 1000 
V. Photocurrents from the PMT were amplified by 
a picoammeter (Keithley. Model 485) and electro- 
pherograms were directly recorded with a strip- 
chart recorder (Kipp and Zonen, Model BD 40). 

The UTK sensor optical system was very simi- 
lar to the ORNL system. except for re.placement 
of the Coherent argon ion laser with an He-Cd 
laser (Omnichrome, Series 74. 325 nm. 20 mW) 
for the detection of HQS -metal complexes and an 
air-cooled argon ion laser (Cyonics, Model 2201, 
488 nm. 10 mW) for the detection of NBD- 
amines. In addition, the relay fiber-optic was 
omitted (i.e. the collimated signal beam was fo- 
cused directly on to the PMT). All lenses were 
quartz and 400 nm “cut-on” and 500 nm “cut-on” 
filters were used to reject Rayleigh scatter when 
using the He-Cd and argon ion lasers, 
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Fig. 2. Schematic diagram of the single fiber-based optical 

detection system. 



respectively. Photocurrents from the PMT were 
amplified with a Pacific Precision Instruments 
(Concord, CA, USA), Model 126 photometer. 

Conventional zonal and frontal CE separations 
were performed using a modular CE LIF detec- 
tion system that is described elsewhere [28]. The 
capillaries used for these conventional separations 
were typical in length (about 45 cm); however, the 
detection zone was positioned close to the inlet 
(about 8 cm) so as to mimic the sensor. 

The first step in aligning the optics involved 
visually maximizing the coupling of the excitation 
beam on to the fiber (judged by monitoring the 
light intensity at the distal end of the fiber). Next. 
laser radiation was retro-passed into the system 
(i.e. made to impinge on the distal end of the 
fiber) and the lenses and mirror were adjusted to 
provide the proper alignment with the detector. 
Finally, the sensor was flushed with a fairly con- 
centrated dye solution and signal levels were mon- 
itored as further positioning of the optical 
components was accomplished. Since this work 
focused on the separation characteristics of the 
SBFOS. little effort was made to fine tune the 
alignment or to use the best optical components. 

Prior to each separation. the sensor was flushed 
with 0.1 M NaOH and then running buffer solu- 
tion. Flushing steps were performed with an un- 
modified syringe needle (no restrictor capillary), 
taking care not to introduce gas bubbles into the 
system. In this case, the 16-gauge needle was 
inserted directly into the flangeless fitting ferrule. 
forming a snug fit. Subsequently, the flushing 
needle was replaced with the needle containing the 
restrictor capillary and the SBFOS was then sub- 
merged in the sample for initiation of the separa- 
tion. Applied voltages with the SBFOS were 
relatively low (maximum of about 3 kV). 

3. Results and discussion 

Regardless of the selectivity and flexibility of- 
fered by CE. three major challenges must be 
addressed for its implementation in remote sens- 

ing: ( I ) elimination (or acceptable reduction) of 
hydrostatic flow, (2) expulsion or elimination of 
electrolysis gases and (3) establishing suitable 
compromises between detectability and separation 
performance. In CE, elimination of gravity-driven 
hydrostatic flow is generally accomplished by the 
use of inlet and outlet buffer reservoirs at equal 
heights. As is demonstrated by the design depicted 
in Fig. 1. the SBFOS does not allow the luxury of 
level buffer reservoirs. If observed, a downward 
hydrostatic flow (away from the fiber-optic) in the 
separation capillary is expected to cause band 
dispersion 1301. Moreover. a relatively large ap- 
plied field may be required to provide sufficient 
EOF to overcome the hydrostatic flow. Under 
these conditions, thermal dispersion of bands is 
also possible. The SBFOS described in this paper 
is designed to restrict gravity-driven hydrostatic 
flow by incorporating a narrow-bore capillary 
into the side port of the sensor (see Fig. I), 
thereby relaxing inlet and outlet buffer reservoir 
position requirements. The relative positions of 
the ends of the separation capillary contribute less 
hydrostatic flow. making a vertical. linear capil- 
lary configuration feasible. It should be noted that 
incomplete dissipation of pressure applied during 
rinsing steps and/or pressure resulting from the 
build-up of electrolysis gases can also produce a 
detrimental hydrostatic flow with the SBFOS. 

Owing to the small sample volumes associated 
with the use of CE, on-column detection is gener- 
ally required to preserve the integrity of the sepa- 
ration. In this regard, the unique characteristics of 
lasers as excitation sources have rendered LIF 
detection extremely useful in CE [33-361. Typical 
laboratory optical systems consist of extra-column 
lenses or fiber-optics for focusing and collecting 
excitation and signal radiation. It has recently 
been demonstrated by Taylor and Yeung [37,38] 
that the use of an excitation fiber-optic inserted 
into the end of a capillary for axial illumination 
yielded enhanced sensitivity. While such an ar- 
rangement demonstrates a potential for remote 
sensing, the apparent goal of that work was to 
utilize fiber-optic-based detection in CE, rather 
than incorporating CE as an element of selectivity 
in an optical configuration that is suitable for 
remote fiber-optic sensing. 
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solution of fluorescein into the SBFOS \ia ‘I h~ringe. 

In this work, we utilized an optical arrangement 
for sensing applications that employs a single fiber 
for both excitation and signal collection (see Fig. 
2) [19]. The streamline linear geometry should be 
well suited for remote analysis. Although a nar- 
row diameter or tapered fiber could be inserted 
into the separation capillary, we opted for placing 
a larger. and hence more stable, fiber directly 
adjacent to the exit of the capillary. This resem- 
bles the approach that Huang et al. [39] employed 
in the positioning of electrodes for electrochemical 
detection in CE. Since a fiber will collect light 
most efficiently only to distance of a couple of 
fiber diameters from its end [19]. this configura- 
tion probes the extremely small space between the 
fiber and capillary and a sub-mm segment at the 
capillary outlet. This assumes that internal reflec- 
tion in the capillary is not significant. Benoit and 
Yappert [40] described a fiber-optic sensor that 
employs a capillary. functioning as a partially 
reflecting waveguide. to enhance sensitivity. If this 
waveguide effect were operative in our work, it 
would be expected consistently to broaden band- 
fronts, which was not observed in these studies 
(see below). 

Although the effective detector volume and sig- 
nal are dramatically increased as the fiber is 
backed away from the separation capillary. an 
extra-column dead volume is created and this also 
can dramatically broaden bandfronts. These ef- 
fects are demonstrated in Figs. 3 and 4. The 
SBFOS was filled with a fluorescein solution and 
used to generate the plot of signal versus fiber- 
capillary spacing shown in Fig. 3. While the sig- 
nals increased with increased spacing, the 
sharpness of bandfronts degraded. This is demon- 

Fig. 1. CE bandfronts for Rhodamme 6G obtained using the 
SBFOS with capillary fiber-optic spacings of (A) 0 mm and 
(B) approximately I mm. 



strated in l-‘ig. 4 using the SBFOS to obtain the 
frontal CE bandfronts of an injected Rhodamine 
6G solution. Under the SBFOS conditions em- 
ployed, a relatively sharp bandfront at a migra- 
tion time of 110 s is observed when the fiber is 
directly touching the capillary (Fig. 4(A). With a 
spacing estimated to be 1.0 mm, the bandfront is 
substantially broadened (i.e. the efficiency is very 
poor) and the migration time is greater than 1000 
s (Fig. 4(B). Clearly. the fiber-capillary spacing 
must be negligible in order to maximize bandfront 
sharpness. Unfortunately. excessive rinsing and 
manipulation of the SBFOS described here occa- 
sionally produced broad bandfronts, indicating 
that an appreciable fiber--capillary spacing had 
been created. 

To achieve a positive band velocity ( vb/b) (i.e. 
toward the fiber-optic) electrophoretic flow ( l’,.,,,). 
one must overcome the opposing hydrostatic flow 
(li,,) as described by the equation 

Vb = k;,v + r;,,, = v,, + (jlco + jl&..)E (1) 

where E is the applied field and ,11<~, and /I,,~~ are 
electroosmotic and electrophoretic mobilities. re- 
spectively. Under the conditions employed in this 
work, cathodic EOF is directed toward the fiber- 
optic. As the voltage and (hence E) is increased. 
the l’, values increase and the migration times 
decrease. However, since it is necessary to over- 
come vhY, the linear relationship between E and 
V,, that is characteristic of CE is not observed in 
this work (see below). To illustrate the effect of 

vll, . conventional zonal CE separations of Rho- 
damine 6G (cation), FITC (neutral) and fluores- 
cein (anion) were performed using a very short 
effective capillary length (8 cm) with equal inlet 
and outlet reservoir heights (no VhL case) and with 
the capillary outlet raised approximately 8 cm 
(opposing V,,? case). The results are shown in Fig. 
5. Independent experiments produced a V,,\ of 
roughly 1.2 cm min’ for the conditions used to 
generate Fig. 5(B) and, indeed. the I’b of FITC 
decreases from 4.6 to 3.3 cm min ’ when compar- 
ing Fig. 5(A) and (B). The adverse effect of a 
hydrostatic flow on efficiency is also obvious in 
Fig. 5. Using migration times from Fig. 5(A), the 
experimental values of ,~l,,, (marked by FITC), 
/lelcc (Rhodamine 6G) and pclec (fluorescein) are 

TIME (seconds) 

Fig. 5. Conventional zonal capillary electopherograms for 
Rhodamine 6G. FITC and fluoresem (in order of elution). 
Conditions 35 cm (8 cm to detection zone) x 75 jlrn id. 
capillary. 220 V cm ’ applied field. phosphate-borate (pH 9) 
running buffer. absorbance detection at 500 nm. Inlet and 
outlet reservoir heights equal (A) and inlet raised 8 cm (B). 

3.6 x 10 ‘. 2.9 x 10 ’ and -1.1 x lo-” cm2 V’ 
S ‘, respectively. 

Despite the potential problems discussed above, 
including band dispersion by Joule heating and 
dead volume, some promising results were ob- 
served in the CE separation of charged fluorescent 
dyes. For example. an SBFOS separation of Rho- 
damine 6G and fluorescein is shown in Fig. 6. The 
peak-like shape of the fluorescein bandfront is 
probably a result of photodegradation of that 
solute. The efficiency of Rhodamine 6G is ap- 



proximately 3000 plates. The equation 1%’ = 16 
(T,: I+‘)’ was used to determine the plate count 
(N). where the bandwidth ( W) corresponds to the 
rise time of the bandfront between the baseline 
and the plateau. The retention time (T,) corre- 
sponds to the elapsed time between the applica- 
tion of the voltage and the point of 
half-maximum intensity for the observed band- 
front. The applied voltage is divided across the 
separation capillary, the restrictor capillary and 
the fibercapillary junction. Since the last is not 
well defined, it is not possible to assign accurately 
a field to the separation or to calculate mobilities. 
as was possible with the separation shown in Fig. 
5(A). The resolution (i.e. AT,; W) in this separa- 
tion is approximately 7. 

The effect of increasing the applied voltage on 
the performance of the SBFOS is demonstrated in 
Table 1, which also includes data on band velocity 
(and hence migration time) reproducibility (rela- 
tive standard deviations for n = 5). When the 
voltage was increased to 3000 V, excessive cur- 
rents were observed and the system eventually 
broke down (the current dropped to zero). Con- 
versely, the system functioned at an applied 
voltage of 2500 V. yielding the data in the table. 
However. the current increase relative to the 1500 
V case was considerably more than the expected 
67%. This anomalous current effect, and the de- 
crease in bandfront sharpness (the efficiency de- 
creased about threefold), indicates excessive 
thermal load and a temperature increase in the 
system at the higher applied voltage. The lack of 
reproducibility in band velocity is probably due to 
a combination of heating effects and a lack of 
integrity in the conduction paths (i.e. the run-to- 
run currents exhibited a similar poor reproducibil- 
ity). 

The influence of L’,,, on separations can also be 
seen in Table 1. As the applied voltage is in- 
creased from 1500 to 2500 V the resolution im- 
proves despite a decrease in efficiency. This 
unusual behavior is a result of the differences in 
~~~~~ + ,D,,~. for the two bands. The net mobility of 
the fluorescein anion is nearly four times smaller 
than that of the Rhodamine 6G cation. In the 
case of Rhodamine 6G, when the voltage is in- 
creased the band velocity nearly increases by the 

expected 67%. Conversely, the impact of VhY on 
Vb is much more signifcant for fluorescein and the 
increase in band velocity is much less than 67%. 
The net effect is a greater separation in the band- 
fronts of the two dyes at the higher applied 
voltage. Based on capillary diameter and length, 
the 3 cm x 15 pm i.d. restrictor capillary of the 
SBFOS used to generate the data in Table 1 
should have reduced the hydrostatic flow fivefold 
in the 8 cm x 50 pm i.d. separation capillary. 
Future SBFOS designs will attempt to reduce V,,, 
further. 

The frontal CE approach is instrumentally and 
operationally simple. Nevertheless, this mode of 
operation will influence both the detection and the 
separation characteristics of the SBFOS. With 
regard to the former, as each new front reaches 
the fiber-optic, the fluorescence background in- 
creases (i.e. the signal from the first component to 
elute contributes baseline noise that adversely af- 
fects the detectability and dynamic range for sub- 
sequent components). With regard to the 
separation characteristics, which are the focus of 
this paper, the running buffer in the capillary is 
displaced by sample solution as the separation 
proceeds. At some point, which is strongly influ- 
enced by the EOF, many CE systems will experi- 
ence “reagent depletion” in the frontal mode of 
operation. For the simple case of natural 
fluorophores that can be separated based on dif- 
ferences in intrinsic mobility (e.g. see Fig. 6) there 
will not be a distinct point of reagent depletion. 
However, the EOF (and hence solute migration 
time) may be altered as the sample enters the 
sensor and this could complicate calibration. At 
times there may be advantages in reducing, elimi- 
nating or reversing the EOF via running buffer 
additives or capillary surface modification [28]. 

Most strategies for CE involve adding specific 
reagents to the running buffer to affect the sepa- 
ration or facilitate detection. In order for the 
SBFOS to be generally useful, it will be necessary 
to develop systems and protocols for which reli- 
able analytical information is acquired before 
reagent depletion occurs. For example, a CE pro- 
tocol we previously developed for the on-column 
labeling of metals with HQS was adapted in this 
work to the SBFOS [41]. HQS is a non-fluores- 
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Table 1 
Effect of applied voltage on SBFOS separations of Huorcscent dyes 

Current (/!A) Rhodamine 6G bandfront Fluorescein bandfront 

L’,, (cm min ‘) 

1500 90 I.1 (& Y”NS) 
2500 250 I .8 ( * 18” 88) 

cent. bidentated ligand that forms fluorescent 
complexes with a large number of metal ions. In 
addition to facilitating sensitive detection of the 
metals. the complexation conditions can be al- 
tered to adjust the effective mobility of a metal 
ion [41]. The SBFOS strategy involves first flush- 
ing the sensor with running buffer containing an 
appropriate concentration of HQS. When a field 
is applied, positively- charged metals migrate 
quickly toward the fiber-optic (velocity greater 
than that of the sample solvent front which is 
driven largely by EOF) and negatively charged 
HQS will migrate slowly toward the fiber (veloc- 
ity less than the solvent front). In essence. HQS 
rapidly meets the metals and. owing to the large 
formation constants involved, an equilibrium in- 
volving the various forms of complexed metal is 
established. This process reduces metal migration 
rates (due to the reduced charge of the complex 
relative to the free metal). The dynamics of these 
processes influence the sharpness and shape of the 
bandfronts, which migrate at rates characteristic 
of the metal. 

Figs. 7-9 contain electropherograms illustrat- 
ing separations of calcium and magnesium using 
in situ complexation with HQS and a frontal 
mode of operation. In Fig. 7(A). a conventional 
capillary frontal separation of the metals exhibits 
relative responses and mobilities similar to those 
observed in previous work involving zonal CE 
[41]. This separation was performed with HQS in 
both the running buffer and sample. Obviously, in 
remote analysis situations the sample will not 
contain running buffer reagents. When HQS is 
not present in the sample. the shapes of the 
bandfronts are altered (see Fig. 7(B)). The signal 
rises to a plateau, then drops back down to a 
lower plateau. This may be a result of a non-equi- 

\’ P, (cm min-‘) k 

- 3000 0.66 ( i 7%) -1 

- 1000 0.83 ( & 23”:t) -9 

librium condition in the early stages of the separa- 
tion (see above) or a manifestation of some 
stacking phenomena [42]. Nevertheless, the re- 
sponses of the two metals are well separated and 
the overlay of the response of a sample with a 
twofold higher calcium concentration illustrates 
the potential of this approach for performing 
quantitative measurements. Signals fall to baseline 
values. indicating depletion of HQS in the system, 
at 3506400 s into the run. This is roughly the 
effective migration time of HQS. 

Fig. 8 is an electropherogram of a calcium- 
magnesium sample (no HQS in the sample) ob- 
tained with the SBFOS that demonstrates its 
potential for remote sensing. The separation is 
considerably slower owing to a lower field and the 
presence of P;,,. This condition relaxes the non- 
equilibrium condition in the early stages of the 

b--v-- 

Fig. 6. Frontal capillary electropherogram of Rhodamine 6G 
and Ruorescein (in order of elution) obtained using the SB- 
FOS. Conditions: 8.0 cm x 50 pm i.e. separation capillary and 
3 cm x I5 Llrn i.d. restrictor capillary (ORNL sensor), applied 
voltage 1500 V. phosphate borate (pH 9) running buffer, LIF 
detection using argon ion laser (see Experimental). The 
method for calculatmg efficiency as described in the text. 
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Fig. 7. Conventional frontal capillary electropherograms of 
calctum and magnesium (in order of elutton) based on in situ 
HQS complexation with HQS in sample (A) and not in sample 
(B). Conditions: 40 cm (8 cm to detection zone) x 50 Itm i.d. 
capillary. 190 V cm-’ applied field. phosphate -borate (pH 8) 
running buffer with 2.5 mM HQS. LIF detection using He-Cd 
laser (XC Experimental). 

separation (see above) and may account for the 
absence of the dual plateau response seen in Fig. 
7(B). The run was terminated before reagent de- 
pletion. Clearly, a shorter capillary could be used 
to reduce the analysis time. A duplicate run 
yielded similar results. Fig. 9 presents the results 
for the analysis of a ground water sample by 
using conventional frontal CE (Fig. 9(A) and the 
SBFOS (Fig. 9(B)). indicating the presence of 
calcium. Although calcium in this sample was not 
quantified and the sample was not analyzed by 
independent methods, the presence of a large con- 
centration of calcium in a ground wtater source 
with the name Limestone Creek would not be 
surprising. The fact that the front in Fig. 9(B) 
occurs earlier than that for the SBFOS standard 
run shown in Fig. 8 may be due to changes in 
EOF due to differences in sample pH, or be 
simply a result of the poor migration time repro- 
ducibility of this design of SBFOS (see Table 1). 

The MECC technique has greatly expanded the 
utility of CE and should be readily adaptable to 
the SBFOS. Neutral solutes are separated in 
MECC based on their distribution between the 
EOF-transported running buffer and an elec- 
trophoretically retarded micellar phase [28]. These 
solutes elute in a window that is created between 
the void time (t,,) and the effective retention time 

of the micellar phase (t,), which for the com- 
monly employed SDS system occurs at about 3-4 
times t,,. When the SBFOS is employed in this 
mode. reagent depletion should occur at about t, 
(the negative micelles should migrate similarly to 
the HQS as described above). A MECC separa- 
tion using the SBFOS is shown in Fig. 10. The 
baseline noise level is fairly high in these separa- 
tions owing to an instability in the output of the 
laser employed. In Fig. 10(A) no SDS is present 
and the test solutes of NBD-methylamine and 
NBD-n-propylamine co-elute at t,. When micelles 
are present (Fig. 10(B)), the solutes are easily 
separated before reagent depletion. Consistent 
with previous work [28], the signal is enhanced 
owing to the presence of the micelles. As was 
observed for SBFOS separations of the fluores- 
cent dyes and HQS-metals, V,,, influences the 
separation of the NBD-amines.’ Normally, one 
would expect to observe less separation between 
these two NBD-amines [28], and experience 
reagent depletion at about 20-25 min (see above). 
However, the effect of V,,> is to decrease the 
observed migration rates, particularly for the 
more retained components (those with smaller 
V,,,,), and delay reagent depletion. In a conven- 
tional (no Vhs) frontal MECC separation of 

TIME (min) 

Fig. 8 Frontal capillary etectropherogram of calcium and 
magnesium (in order of elution) based on in situ complexation 
obtained using the SBFOS and no HQS in the sample. Condi- 
tions: 8.0 cm x 50 /tm i.d. separation capillary and 5 cm x 25 
;tm i.d. restrictor capillary (UTK sensor). applied voltage 1500 
V. phosphate borate (pH 8) running buffer with 2.5 mM 
HQS. LIF detection using He-Cd laser (see Experimental). 



I900 .W. J. Sepuniak rt al. Taluntrt 43 (/Y%) 1889 /WI 

80 160 5 10 

TIME (set) TIME (min) 

Fig. 9. Coventional (A) and SBFOS (B) frontal electrophero- 
grams of a sample of Big Limestone Creek water (Washington 
County. TN) showing a high apparent concentration of cal- 
cium. Conditions as in Figs 7 and 8. 

5 15 30 40 

TIME (min) 

Fig. 10. Frontal CE (PI) and MECC (B) electropherograms of 
NBD-methylamine and NBD-?I-propylamine (in order of elu- 
tion (in B)) obtained w’ith the SBFOS. Conditions: phos- 
phate borate (pH 9) running buffer with 50 mM SDS in (BI 
and no SDS in sample. LIF detection using air-cooled argon 
ion laser (see Experimental). Other conditions as in Fig. 8. 

NBD-amines (not shown), reagent depletion was 
indeed observed at 3-4 times t,,. 

Remote, in situ monitoring of chemicals offers 
many analytical advantages and challenges which 
are significant in the biomedical, environmental 
and industrial fields. Unfortunately, in situ mea- 
surements can be complicated and generally do 
not exhibit the analytical selectivity, sensitivity 
and reliability associated with conventional labo- 
ratory techniques. In this paper, we have de- 
scribed the design and fabrication and presented a 
preliminary evaluation of the performance of a 
fiber-optic sensor that utilizes CE techniques to 
impart a potentially versatile element of selectivity 
to the measurement process. In that regard. differ- 

ent modes of operation are demonstrated under 
fairly realistic conditions. While improvements in 
the design, function and analytical reliability of 
the SBFOS are clearly needed, we feel that these 
preliminary results are sufficiently encouraging to 
warrant further research and development of the 
SBFOS. 
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Abstract 

Disposable amperometric inhibition biosensors have been microfabricated by screen printing a tyrosinase-contain- 
ing carbon ink. The decrease in the substrate (catechol) steady-state current, caused by the addition of various 
pesticides and herbicides. offers convenient quantitation of micromolar levels of these pollutants. Unlike esterase- 
based disposable strips. the tyrosinase thick-film devices can be fabricated by incorporating the enzyme within the 
carbon ink. and do not require a prolonged incubation step in the presence of the inhibitor. The effect of experimental 
variables, such as the enzyme loading or substrate concentration. is assessed. Applicability to an untreated river water 
sample is illustrated. Such use of single-use devices for monitoring toxins addresses the problem of irreversible enzyme 
inhibition. and holds great promise for on-site field analysis. 

K~JWYW~S: Biosensing: Electrodes; Enzyme Inhibitors; Screen printing: Tyrosinase 

1. Introduction 

Electrochemical biosensors hold great promise 
for the task of on-site environmental monitoring 
[ 1 ,I]. One promising strategy is to employ enzyme 
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Brazil. 
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electrodes for measuring various toxins, via the 
perturbation/inhibition of the biocatalytic activity 
[3]. Useful devices have thus been designed for 
monitoring organophosphate or carbamate pesti- 
cides [3,4], cyanide [5,6] or toxic metals [7,8]. 
Single-use inhibitor biosensors, based on modern 
microfabrication technology, are particularly at- 
tractive for field deployment due to their ex- 
tremely low cost, compatibility with hand-held 
analyzers, and the irreversible nature of many 
enzyme inhibition processes. Screen-printed dis- 
posable sensors, based on a cross-linked cholin- 
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esterase layer, have been developed in recent years 
for the detection of various pesticides [9,10]. 

In this paper we describe the characterization 
and attractive performance of single-use inhibitor 
bisensor strips based on screen printing of tyrosi- 
nase-containing carbon inks. Tyrosinase is prone 
to inhibition by a wide range of water pollutants 
[I 11. Such inhibition is known to occur through 
interaction with the active copper site [12]. We 
reported recently on the one-step preparation of 
tyrosinase screen-printed electrodes [13]. The re- 
markable tolerance of tyrosinase to the high-tem- 
perature firing conditions resulted in a greatly 
simplified fabrication protocol and convenient 
quantitation of its phenolic substrates. Similarly. 
in the following sections we report on the suitabil- 
ity of these thick-film strips for amperometric 
monitoring of inhibitors of tyrosinase. 

2. Experimental 

2.1. /‘lppwms 

All voltammetric experiments were carried out 
using an EG&G PAR Model 264A voltammetric 
analyzer, in connection with a Houston Omnis- 
tribe strip-chart Y-t recorder. The experiments 
were performed at room temperature in a 10 ml 
electrochemical cell (BAS, Model VC-2). The 
working electrode strip, reference electrode (Ag,’ 
AgCl, Model RE-1, BAS) and platinum wire elec- 
trode joined the cell through holes in the Teflon 
cover. 

2.2. S~~rtvn -printing jirhrication 

A semiautomatic screen printer machine 
(Model TF-100, MPM Inc., Franklin, MA) was 
used for fabricating the working electrode strips. 
The modified inks were prepared by thoroughly 
mixing for 1 h the appropriate amount of a 
commerical carbon ink (Product No. C10903D14. 
Gwent Electronic Materials Ltd.. UK) with the 
enzyme. Typical preparations were 0.6% enzyme 
ink (w w). A group of 10 electrodes were printed 
each time onto an alumina ceramic plate (1.33 
in. x 4.00 in.) through a patterned stencil. This 

allowed batches of 30 electrodes to be printed by 
using 1 g of ink mixed with 6 mg of enzyme. Each 
electrode consisted of a 1.0 x 30 mm2 area. The 
film was cured at a temperature of 110°C for 2 h. 
Then a layer of insulator was screen printed onto 
part of the ink, leaving a defined 1.0 x 5 mm2 
working-electrode area. 

2.3. Reagents 

Chemicals were analytical-reagent grade and 
used as received. All solutions were prepared 
with doubly-distilled water. The enzyme used, 
tyrosinase, 4400 units mg ~ ’ solid, was obtained 
from Sigma (t-7755. EC 1.14.18.1). The sup- 
porting electrolyte was a 0.05 M phosphate buffer 
solution (PBS) pH 7.4. Catechol (Sigma). so- 
dium diethyldithiocarbamate (Aldrich), thiourea 
(Fisher). benzoic acid (Baker), 2,4-dichloro- 
phenoxyacetic acid (Sigma), 4.6-dinitro-o-cresol 
(Sigma). warfarin (Sigma), pentachlorophenol 
(Aldrich), atrazine (Chem Service), sodium nitrate 
(Aldrich), sodium nitrite (Fisher). sodium azide 
(Sigma). sodium fluoride (Baker), cadmium 
(Aldrich). and lead (Aldrich) were used. 

The screen-printed electrodes were used without 
any further pretreatment. The amperometric ex- 
periments were performed at a potential of - 0.2 
V. using a stirring rate of 400 rev min ‘. The 
subsrate addition (5 x 10 ’ M catechol) was foll- 
wed by additions of the target inhibitor, using 
microliter aliquots of the corresponding solutions. 
All measurements were performed at room tem- 
perature. 

3. Results and discussion 

Fig. 1 displays the amperometric response of 
strips containing different tyrosinase loadings to 
5 x 10 ’ M catechol (S), followed by successive 
additions of 1 x 10 ’ M of diethyldithiocarba- 
mate (I). The sensor responds very rapidly to 
these substrate and pesticide additions, indicating 
that its biocatalytic and inhibition activities are 



maintained (despite the 2 h curing at 110°C): 
steady-state currents are obtained within z 1 min. 
Such fast responses are attributed to the absence 
of supportive, external membranes. which is inher- 
ent in the screen-printing fabrication process. A 
preincubation period is not required, in contrast 
to strips based on immobilized acetylcholin- 
esterase [lo]. Both the substrate and inhibitor 
responses increase upon increasing the enzyme 
loading in the ink. The resulting calibration plots 
(also shown) indicate that the inhibitor response is 
nearly proportional to the enzymatic activity. 
Note that the ratio of inhibition signal/substrate 
signal increases initially (from 0.14 to 0.26). upon 
raising the enzyme loading from 0.3% to 0.6% 
w/w. and then decreases slightly to 0.24 for the 
1% loading. Such trends reflect the fraction of the 
enzyme inhibited at a given inhibitor concentra- 
tion. 

Fig. 2 displays calibration plots obtained with 
the 0.6% w/w tyrosinase-containing strip for sub- 
millimolar concentrations of the pesticide di- 
ethyldithiocarbamate (A), thiourea (breakdown 
product of dithiocarbamate pesticides; B) the anti- 
fungal agent benzoic acid (C). and the herbicides 
3,4-dichlorophenoxyacetic acid (D) or 4,6-dinitro- 
o-cresol (E). The new strips offer convenient 
quantitation of these toxins. However, as expected 
for inhibition processes. such plots are not linear. 

INHIBITOR CONCENTRATION p1M 
11 

Fig. 1. Enzyme loading studies at various tyrosinase ween- 

printed electrodes. Enzyme loadmg: I A) 0.3: (B) 0.6: (C) I .O’o 

w N. Also bhown (inset) are the respective current time 

recordings. Catechol. 5 x IO ’ M. was used as substrate (S); 

sodium diethyldithiocarbamate. IO ’ M per step, was used as 

inhibitor (It. Applied potential. -- 0.2 V: electrolyte. phos- 

phate buffer (0.05 M. pH 7.4): stirrmg rate. 400 rev min ‘. 

0.0 0.2 0.4 0.6 0.8 
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Fq. 2. Calibration plots obtained for inhibition at the 0.6% 

tyrosinase strip for: (A) sodium diethyldithiocarbamate; (B) 

thiourea: (C) benzoic acid; (D) 2.3-dichlorophenoxyacetic acid: 

(I?) 4.6-dinitro-o-cresol. Other conditions are as given in Fig. 

A significant curvature is observed at high con- 
centrations (reflecting saturation of the tyrosinase 
site). The quantitation of levels around the above 
such saturation is therefore limited. The trend in 
sensitivity: diethyldithiocarbamate > thiourea > 
benzoic acid > 2,4-dichlorophenoxyacetic acid > 
4,6-dinitro-o-cresol, reflects the degree of 
inhibition. These profiles were used to estimate 
the apparent coefficients of inhibition, I,] 5, i.e. the 
concentrations corresponding to 50% of the inhi- 
bition signal, which were: 9.2 x 10 ’ M (di- 
ethyldithiocarbamate). 1.0 x 10 ’ M (benzoic 
acid) and 2.0 x 10 ’ M (4,6-dinitro-o-cresol). The 
detection limits (S/N = 3) correspond to 2 x 10 - 6 
M (diethyldithiocarbamate). 4 x 10 ’ M (thio- 
urea). 5 x 10 ’ M (benzoic acid). 7 x 10 P6 M 
(2.4-dichlorophenoxyacetic acid) and 9 x 10Ph M 
(2.4-dinitro-o-cresol). A lower sensitivity was ob- 
served for atrazine, pentachlorophenol or war- 
farin (not shown). No response was observed for 
similar additions of nitrate, nitrite or fluoride 
ions, sodium azide and lead or cadmium, over the 
concentration range 0.1-10 ppm. for each ion 
throughout that concentration range. The “tyrosi- 
nase-free” carbon strip. used as the control, was 
not responsive to any of the above 14 compounds. 

Fig. 3 shows the influence of the substrate 
concentration upon the response of the screen- 
printed inhibitor biosensor. The diethyldithiocar- 
bamate signal nearly doubles upon raising the 
catechol level from 2 x 10 ’ to 5 x IO ’ M and 
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Fig 3. El’fect of substrate concentration on inhibition rc- 
sponm at 0.6”ct tyrosinase strip. Catechol concentration: (A) 
Ix IO ’ M: (B) 5 x IO ~’ M: (C) I x IO ’ M. Also shown 
(inset) are the corresponding current time recordings. Sodium 
diethyldithlocarbamate. IO ’ M per \tep. was used as iti- 
hibitor (I). Other conditions are as pIben in Fig. 2. 

between 5 x 10 ’ and I x 10 ’ M. Note also 
the longer response times of the inhibitors sig- 

nal at higher substrate concentrations. The 
shape of the resulting calibration plots is not 
greatly influenced by the catechol level. A po- 
tential of ~ 0.2 V yielded the most favorable 
detection of the catechol substrate and the 
target inhibitors (not shown). As expected, such 
a low potential minimizes possible interference 
from coexisting constituents of relevant water 
samples. The data of Fig. 3 also indicate that 
the sensor is operating in the kinetic regime 
(with respect to the substrate reaction). It is 
thus essential to carefully control the substrate 
concentration. 

Attempts to reuse the enzyme strips have been 
explored by repeating the calibration experiment 
(with intermittent water rinse). For thiourea 
the sensitivity decreased by 37”/0 and by 54% for 
the second and third runs respectively (com- 
pared to the first run). Benzoic acid displayed 
53% and 64% suppressions of the inhibitor re- 
sponse, while diethyldithiocarbamate yielded 
67% and 79% losses of the initial signal (not 
shown). Such changes are expected for irre- 
versible inhibition processes. (The catechol signal 
decreased in a similar fashion in the presence of 
the different inhibitors.) An irreversible inhibi- 
tion was also reported for strips based on 
acetylcholinesterase [9]. The use of extremely 

low cost single-use electrodes circumvents these 
inactivation effects. In contrast, conventional 
electrodes would require renewal of the enzyme 
layer. 

The screen-printing process assures a good 
strip-to-strip reproducibility. For example, a rel- 
ative standard deviation of 6.2% was calculated 
for the response for 1 x 10 ’ M diethyldithio- 
carbamate at five different strips. Such repro- 
ducibility requires a uniform dispersion of the 
enzyme with the ink matrix. Manual mixing, for 
60 min, was used to assure homogeneous disper- 
sion of tyrosinase in the ink. It should be 
pointed out that in a few cases one or two 
strips from a lo-electrode lot would yield an 
unsatisfactory result. This can be readily de- 
tected prior to the inhibitor measurement from 
the magnitude of the substrate signal (this serves 
as a ‘.built-in” quality test). The sensitivity of 
electrodes from different batches can differ by 
up to 2 30% (requiring separate calibration for 
each batch). New strips displayed only 4% and 
15% decreases in response after storage for 30 
and 60 days respectively, in phosphate buffer at 
5°C. 

The environmental utility of the tyrosinase- 
based inhibitor biosensor is illustrated in Fig. 4. 
This shows the response for an untreated river 
water (Rio Grande) sample spiked with increasing 

Fig. 4. Calibration plot obtained using a water sample from 
the Rio Grande river. No supporting electrolyte was used in 
this experiment. The inset shows the corresponding current- 
time recording. Catechol. 5 x IO ’ M, was used as substrate 
(S). Sodium diethyldithiocarbamate, IO- ’ M per step, was 
used as inhibitor (1). 



levels of diethyldithiocarbamate in I x IO ’ M 
steps. The strip responds rapidly to these micro- 
molar concentration increments. despite the ab- 
sence of deliberately added electrolyte. Similar 
to assays of “synthetic” samples. the response 
rises sharply with the inhibitor concentration at 
first (up to 24x IO -’ M), and then more 
slowly. However, caution is required when ana- 
lyzing unknown samples due to the possible 
presence of mixtures of inhibitors. 

In conclusion. the above experiments have 
demonstrated for the first time the utility of ty- 
rosinase-based thick-film electrodes for moni- 
toring enzyme inhibitors. The new strips offer 
convenient quantitation of micromolar concen- 
trations of various water pollutants. and a 
nearly instantaneous response. .4 convenient 
one-step fabrication step is accomplished by in- 
corporating the enzyme within the ink matrix. 
As is common for enzyme inhibition processes. 
such detection would not be specific in complex 
environmental samples. Such samples would 
thus benefit from designing arrays of several en- 
zyme inhibition electrodes. Further improve- 
ments in the detectability are expected in 
connection with metallized carbon inks or 
bioamplilication recycling reaction schemes. The 
coupling of the new disposable sensors bith 
compact (hand-held) analyzers should facilitate 
the field testing of relevant enzyme inhibitors. 
Obviously. the same strips may also be useful 
for on-site environmental measurements of their 
phenolic substrates. 
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Abstract 

A flow-injection analysis (FIA) method for the ultraviolet spectrophotometric determination of copper in copper 
ores is described. The ore samples are dissolved in concentrated perchloric acid, the excess acid is neutralized with 
ammonia solution. and the resulting solution is used for the determination of copper. The UV-FIA system is based 
on the reaction of copper (II) ions with pyrophosphate and subsequent measurement of the absorbance of the 
dipyrophosphatocuprate (II) complex at 240 nm. The main factors which control the formation of this complex and 
the FIA variables influencing the system are discussed. The calibration graph is linear from 2 50 ppm copper. At a 
sampling rate of about 70 samples h ’ with 50 itI sample injections, precision was about 1% relative standard 
deviation. Results obtained compare well with those obtained by atomic absorption spectrometry. 

KJWW&: Copper: Copper ores: Flow-injection analysis; Ultraviolet spectrophotometrq 

1. Introduction 

The analysis of copper-containing materials has 
a vast literature. This is due to widespread interest 
in copper content in several branches of science 
(e.g. medicine, biology, industrial chemistry and 
geology). Copper is widely distributed in nature 
and is a major component of a wide range of 
minerals. It also occurs in smaller quantities in 
many metal ores. Geochemical prospecting and 
metallurgical analysis of copper made its determi- 

* Fax: ( -961)-2-274-7X 

nation in a great variety of samples necessary, and 
fast methods for continuous monitoring are still 
needed. Analyses for copper in copper ore sam- 
ples can be performed by various methods includ- 
ing volumetry [1 51, gravimetry [61, 
electrogravimetry [6,7], potentiometry [7,8] spec- 
trophotometry [9- 1 I] and atomic absorption 
spectrometry (AAS) [ll-- 141. The analysis time 
for all these conventional methods is frequently 
significantly greater than that for automated 
methods. Moreover, reproducibility can seldom 
be matched by manual operations. 

Because of the capabilities of flow-injection 
analysis (FIA), as developed by Ruzicka and 

0039-9140 96 Sl5.00 C lY96 Elsevier Science B.V. All right5 rembed 
PII SOO19-9130(96)01968-6 
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Hansen [1.5], it is of interest to assess its value for 
copper ore analysis. The automatic nature of FIA 
ensures large throughputs and reduces the need 
for highly competent and well-organized analysts 
to perform the chemical analysis. Moreover, it 
offers great advantages such as flexibility, speed, 
high sampling rate and wide applicability in many 
fields. 

In earlier work [16]. it was found that Cu(I1) 
ions react with pyrophosphate to form dipy- 
rophosphatocuprate (II) complex, which exhibits 
a characteristic absorptivity in the ultraviolet re- 
gion. The copper(pyrophosphate system has 
been studied spectrophotometrically in the ultra- 
violet region for the determination of copper by 
Nebel and Boltz [ 171. 

On the basis of these considerations, this work 
was undertaken to develop a method for the 
continuous ultraviolet spectrophotometric deter- 
mination of copper in copper ores using FIA. 

2. Experimental 

All chemicals used were of analytical reagent 
grade, unless otherwise specified; all solutions 
were prepared with deionized water. 

2.1. I. Stundurd copper (II) solution 
A stock solution of copper(I1) (1000 ppm) was 

prepared by adding 1.5 ml of 60% perchloric acid 
to 0.1 g ( IO.0001) of pure copper wire sample 
(99.9%; Merck). The mixture was heated gently 
under a fume hood until the sample was dis- 
solved. After cooling, the solution was diluted to 
about 80 ml with water and ammonia solution (1 
M) was added dropwise to neutralize the excess 
acid until the pH of the solution was about 5.0P 
5.5. The solution was made up to 100 ml with 
water. Working standards were prepared by dilut- 
ing the stock solution with water. 

21.2. P~wpl~osplr~Ite reagmt solution 
These were 0.005-0.10 M sodium pyrophos- 

phate (98% pure; Fluka) solutions at pH 5.0, 6.0. 
8.0. 9.0, 10.0, 11.0 and 12.0. The pH of these 

solutions were adjusted with perchloric acid or 
sodium hydroxide. All pH measurements were 
made using a Metrohm Herisau (Type E 520) pH 
meter. 

21.3. Dissolution of’ copper ores 
About 100 mg of sample (accurately weighed) 

was placed in a 25 ml volumetric flask and 1.5 ml 
of 60% perchloric acid and two small glass beads 
were added. A short-necked funnel was inserted 
into the neck of the flask. The mixture was heated 
gently under a fume hood until the sample was 
dissolved. After cooling for 3-4 min, about 50 ml 
of water was carefully added through the funnel. 
The contents were swirled and boiled for 5 min to 
expel hydrogen gas. On cooling, 1 M ammonia 
solution was added dropwise to neutralize the 
excess acid until the pH of the solution was about 
5.0&5.5. The contents were digested for 5 min and 
the precipitate (mainly due to iron which is associ- 
ated with copper ores) was allowed to settle. 
Finally the insoluble matter was filtered off and 
made up to 100 ml with water. 

Sample solutions of five copper ores including 
native copper (Cu), bornite (Cu,FeS,), chalocite 
(CUES). cuprite (Cu20) and malachite 
(CuzCO,(OH),) were prepared. Working solu- 
tions were prepared by accurate dilution of each 
sample solution with water. 

2.2. Apparuzus 

The flow diagram for the determination of cop- 
per is shown in Fig. 1. The FIA system was 
assembled from 0.51 mm Microline tubing. The 
manifold consists of two lines, the top one carry- 
ing the carrier into which the sample is injected 
and the lower carrying the reagent solution. Car- 
rier and reagent solutions were delivered by an 
Ismatic peristaltic pump (Type MINI-S 860) oper- 
ated with Tygon tubing. The sample is aspirated 
from the sample container into the injection valve 
using a Rheodyne four-way Teflon valve injector 
(Type 50). The injection sample is merged with 
the reagent stream in the reaction coil and then 
led to a flowthrough optical cell and finally to 
waste. A home-made confluence point with a 
mixing point was used to ensure rapid mixing of 
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the two streams in the 50 cm long coil. The 
absorbance was measured with a Varian DMS 
100 UV-Visible spectrophotometer with a 10 mm 
micro flow-cell. 18 ~1 (Hellma type. Model 
QS178.12). and recorded with a Linear 1200 chart 
recorder. 

2.3. FIA 

The flow system illustrated in Fig. 1 is used. 
The sample solution (50 ~1) injected into water 
(carrier stream flow rate, 0.6 ml min ‘) was 
merged into pyrophosphate (reagent stream flow 
rate, 0.6 ml min’) at point I in a confluence 
manner downstream. To ensure rapid mixing of 
the two streams, a “mixing point ii” is inserted 
immediately after the confluence point, forcing 
the combined stream through a 60” turn (during 
which the direction of flow is abruptly changed). 
After an injection, the valve was returned to the 
load position when the baseline was reached. The 
absorbance of the dipyrophosphatocuprate( II) 
complex is measured at 240 nm. The output of the 
ultraviolet spectrophotometer was registered on 
the chart recorder. When the baseline was 
reached, another slug of the sample could be 
injected. For calibration, a series of working stan- 
dard solutions were injected. For calibration. a 
series of working standard solutions were injected 
before and after the sample runs. All solutions 
were analyzed in triplicate. 

Fig. I. Two-line manifold for the ultraviolet determination of 
copper. The i.d. 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 mm’); (S) sample injection; (I) 
confluence point (1) with mixing point (ii): (L) reaction coil: (F) 
flowthrough cell; (W) vvaste. 

Wavelength,nm 

Fig. 7. Absorption spectrum for dipyrophosphatocuprate(I1) 
ion at pH 9.0 with the manifold shown in Fig. I. Carrier, 
water; concentration of pyrophosphate reagent; 0.05 M; con- 
centration of Cu(II), 20 ppm; injection volume. 50 /iI. 

3. Results and discussion 

Nitric acid in dilute and concentrated forms can 
be used for dissolution of copper ores. For sulfide 
ores. a strongly oxidizing solvent, aqua regia, or 
hot concentrated perchloric acid, which is a pow- 
erful oxidizing agent, can be used [ll]. By using 
concentrated perchloric acid for dissolving sulfide 
copper ore samples. the process is simplified and 
accelerated. Moreover, liberation of sulfur and 
interferences of nitrite and nitrate ions, which 
absorb in the ultraviolet region, are avoided. 

The FIA system used in this work allows rapid 
continuous analysis of copper by direct monitor- 
ing of the absorbance of the dipyrophosphato- 
cuprate( II) complex. Absorbance measurements 
were performed using the manifold shown in Fig. 
1. The absorption spectrum for dipyrophos- 
phatocuprate( II) complex, obtained by injecting 
standard copper(I1) solution (20 ppm) in the car- 
rier stream and using 0.05 M pyrophosphate at 
pH 9.0 as reagent is shown in Fig. 2. The curve 
exhibits a band with maximum absorption at 
about 240 nm which was chosen as the optimum 
wavelength for studying the chemical variables 
and the FIA variables influencing the system. 



3.1. 1. Pj,rophosphate concenfration 
The effect of pyrophosphate concentration was 

determined using a concentration of 20 ppm of 
copper and a pH of 9.0. By injecting standard 
copper solution, the absorbance values at 240 nm 
were measured in the concentration range 0.005- 
0.100 M of pyrophosphate reagent solutions. Fig. 
3 shows that the absorbance of the dipyrophos- 
phatocuprate( II) complex formed is dependent on 
the pyrophosphate concentration. and a concen- 
tration of 0.025 M is necessary for the develop- 
ment of maximum absorbance. A large excess of 
pyrophosphate (0.05 M) is recommended to en- 
sure sufficient reagent when larger amounts of 
copper are being measured. 

3.12. pH 
The effect of pH on the absorption spectra of 

solutions containing 10 ppm of copper and 0.05 
M pyrophosphate was studied in the range 5.0- 
12.0. Fig. 4 shows that the maximum absorbance 
was obtained between pH 8.0 and 10.0. Therefore, 
a pH of 9.0 was recommended for attainment of 
maximum absorbance. 

0.50 - 

O.lO- 

0.0 0 I 1 I 1 , 
0.0 2.0 ii.0 6.0 8.0 10.0 

Cone . of pyrophosphate, M X lo-’ 

Fig. 3. Effect of pyrophosphate concentration on absorbance 
of dipyrophosphatocuprate(Il) complex. Wavelength. 240 nm: 
other conditions as given in Fig. 1. 
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Fig. 4. Effect of pH on the determination of copper. Concen- 
tration of copper was 10 ppm: wavelength, ‘40 nm; other 
condltlons as given in Fig. 2. 

3.2. Optinlixtion of‘ FIA wriuhles 

3.2.1. Sample volume irzjection 
As the sample volume increased from 25 to 100 

111. the signal increased by about 110% but tailing 
increased, thus lowering the sampling rate (90 to 
30 samples h ‘). A 50 ,~l sample loop was selected 
for use. 

32.2. Length qf‘ the reaction coil 
Increasing the coil length lowered the peak 

height and increased the dispersion but improved 
the reproducibility, which was necessary to obtain 
a stable baseline. The coil lengths were optimized 
to give ample reaction time with minimum disper- 
sion. A reactor length (L) of 50 cm and an i.d. of 
0.51 mm were chosen for use. 

The signal increased about 6% when the flow 

rate was changed from 0.74 to 1.6 ml min-’ but 
the residence time and dispersion were affected by 
the flow rate employed. Therefore, a flow rate of 
1.2 ml min-’ (which is the sum of the flow rates 
of both lines of the two-line FIA system) was 
selected to achieve high sensitivity of the measure- 



0.80 - 

Scan - 

merits Lvith ;I reasonable sampling rate. At this 
flow rate. the a\.erage sampling t-ate with 50 jr1 
sample injections \bas around 70 samples h ‘_ 

The Hou system in Fig. I (reaction coil 50 cm 
long and 0.5 I mm bore) \\ as used for preparing 
the calibration graph. Standard copper solutions 
were injected from a sample loop of 25 cm of 0.51 
mm bore Microline tubing (sample volume about 
50 ![I). Typical signals are shown in Fig. 5. The 
calibration graph is linear in the range 2 50 ppm 
copper. The litnit of detection (3 SD) for copper 
was 0.3 pptn. For successi\c injections of a stan- 
dard solution of copper (10 ppm). the precision ot 
the method was found to be < EC8 RSD. 

Iti order to apply the automatic IIV-FIA 
method for analysis of copper in copper ores. the 
interference effect of diverse ions which may be 
found in the common copper ores [l8] vverc exam- 
ined. The response produced by the standard 
solution containing 10 ppm of copper was com- 
pared v,ith that produced by 21 similar copper 

solution containing additions of various amounts 
of diverse ions. An error of less than 2.5% was 
considered to be tolerable. The following ions 
showed no interference at the concentrations 
(ppm) shown in parentheses: Ni’+ (100). Zn”+ 
(100). MOO; (100). Ca”(100). Mg’+(lOO), 
Sn”+(lO) and .4sOj (10). In contrast, Fe3-, 
Pb’+ and Ag+ were found to cause serious inter- 
ferences when their concentrations exceeded 1 
ppm. In the determination of copper in copper 
ores, however. dissolving these ores in ‘perchloric 
acid followed by addition of ammonia and filtra- 
tion would remove Fe7 + as hydroxide. However, 
if Pb’- and Ag- are present in large amounts, 
they mubt be separated in some way. For trace 
amounts. the method of standard addition should 
ameliorate the problem somewhat. 

The proposed method was applied to the deter- 
mination of copper in native copper, sulfide cop- 
per ores (bornite and chalcocite), and oxidized 
copper ores (cuprite and malachite). The results 
(copper content. 9;)) of the analyses are summa- 
rized in Table I. 

.4 measure of the reliability of the proposed 
tnethod is given in Table 1 in which the results are 

Table I 
Dclcrmlna~wn of copper m wme copper ores bq the proposed 

IJV-F1.A method and h> AAS, 
- -~ ~~~ ___ 

S‘lnlplr” C'lI( IIJ Collterlt (" 48) 

II\ -FIA AA.5 

?Y~lll\C coppe, YS.0 98.8 

Horntre 30.x 39.8 

C‘halcociw -3 I .o 32.0 

C’upritc 80. I so.: 

Valachitc 55,s 54.2 

‘4 P!c-L n~cam SP9 atomic absorption spectrophotometer 

eqtuppcd \bllh rl copper holloa-cathode lamp was used. The 

~~a\elen$h uah jet at 324.X nm and the operating conditions 

~erc‘ adjusted fblloaing standard recommendations. 

“h,l~~\c copper (from new Tucson. AZ) was provided by the 

<;zolog~ Department, Yarmouk Lniverslt), Bornite. chalcoc- 

~tc. cuprite and m,~lachlte \\cre hupplicd bq Dr. F. Krantz 

IhYtnall~ ). 



compared with those obtained using AAS by 
complete decomposition with nitric acid [ll]. 
There is general agreement between the results of 
the two methods. It is also apparent that the 
results for copper were not affected by various 
elements in the ore samples. 
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Anodic stripping voltammetric determination of titanium(IV) 
using a carbon paste electrode modified with 

cetyltrimethylammonium bromide 

Monika Stadlober. Kurt Kalcher*. Georg Raber, Christian Neuhold 

Abstract 

A method is described for the voltammetric determination of titanium(IV) using a carbon paste electrode modified 
in situ with cetyltrimethylammonium bromide. The cationic micellar surfactant adsorbs onto the electrode particu- 
larly at negative potentials. simultaneously preconcentrating titanium( IV) as the oxalate complex with reduction to 
titanium(II1). Anodic stripping voltammetry exploiting reoxidation can be used for the determination of trace levels 
of titanium(IV). Linearity between current and concentration exists between 5 and I60 /cg I ’ Ti(IV) (preconcentra- 
tion time 2 min). The limit of detection (calculated as 30) is 0. I ~cp I ‘. bvith a preconcentration time of IO min. 

k’q~ ortl\: Anodic strippin g voltammetq: Carbon paste electrodes: Cyst\ Itrimethylammonium bromide; Titanium 

1. Introduction 

The determination of titanium(lV) by anodic 
stripping voltammetry is difficult. because at com- 
mon potentials it cannot be reduced to the metal- 
lic state and deposited onto the electrode. Only 
the one-electron reduction of Ti(IV) to Ti(III), or 
the reverse oxidation. can be exploited by voltam- 
metry [I]. Lingane and Kennedy [2] described the 
redox behaviour of titanium in strong mineral 
acids. At low hydrogen ion concentrations. the 
redox reaction is irreversible. because the Ti ions 
are solvated or e\.en hydrolyzed. The reaction 

becomes reversible on increasing the acidity of the 
supporting electrolyte, as higher acidity prevents 
formation of Ti(IV)-hydroxo complexes, which 
are more difficult to reduce. By complexing titani- 
um(IV) with organic acids such as oxalic acid, 
ethylenediaminetetraacetic acid (EDTA), citric 
acid, tartaric acid. salicylic acid. mandelic acid, 
and ascorbic acid, the electrode reaction becomes 
more reversible and can be better exploited for 
polarographic voltammetric measurements [3-91. 

Adsorptive stripping voltammetry with the use 
of complexing agents. which show excellent ad- 
sorption properties on the mercury electrode sur- 
face (Solochrome Violet RS. Cupferron, Pyro- 
catechol Violet, Beryllon III or 4-(Z-pyridylazo)- 
resorcinol [IO 1 S]), was often used to determine 



trace levels of titanium. Another possibility is the 
exploitation of catalytic currents caused by chlo- 
rate or bromate during the reduction of titaniu- 
m(N) in the presence of oxalic acid, mandelic 
acid. or EDTA [16-201. In this way differential 
pulse or square wave voltammetry or polarogra- 
phy combined with catalysis, which is mediation 
rather than catalysis, gives a further enhancement 
in sensitivity. The electrode process, however. is 
strongly irreversible; no reoxidation peak can be 
observed. Indirect polarographic methods are an- 
other approach for the determination of titanium 

1211. 

A 

(b) 
(4 

So far, no studies on the electrochemical deter- 
mination of titanium with the use of carbon paste 
electrodes (CPEs) have been published. CPEs are 
very suitable for voltammetric and amperometric 
determinations because they are inexpensive, easy 
to handle and simple to modify [22,23]. With 
respect to the determination of titanium, in-situ 
modification with surfactants, in particular with 
cetyltrimethylammonium bromide (CTAB), is 
promising, since the anionic titanium species ob- 
tained by complexation can be preconcentrated 
on the electrode surface as lipophilic ion pairs. 

CTAB is a cationic surfactant which belongs to 
the group of quaternary ammonium compounds. 
In suitable solvents it forms spherical micelles 
above the critical micellar concentration (CMC), 
which in water occurs at 0.9 mM (25°C). In the 
presence of electrolytes the CMC is lowered be- 
cause of increased micellization from free ions. 
v41 

CTAB adsorbs onto the electrode surface by 
hydrophobic attraction and by electrostatic at- 
traction at negative potentials. At concentrations 
lower than the CMC the surfactant acts as an 
ion-pairing agent, where monomers are adsorbed 
onto the electrode surface although only to a very 
small extent [25]. At concentrations higher than 
the CMC. strong adsorption of CTAB on the 
electrode surface is observed at negative potentials 
[25,26]. which can lead to an extraordinary en- 
hancement in the sensitivity of voltammetric mea- 
surements. 

This paper describes a new and sensitive 
voltammetric method for the determination of 
titanium(N) with CPEs by an adsorptive modifi- 
cation of the electrode with CTAB and accumula- 
tion of titanium (IV) as the oxalate complex. 

II I I ’ I / I ’ 1 

-I ? -I 0 -0 8 -0 6 -0.4 -0.2 00 

Potenr~al \s Ref. [VI 

Fig. I. Cyclic voltammograms of tltanium(lV) at a plam IA) 
and a CTAB-modified (B) CPE. Equilibration time: 30 s: 
initial potential: - 1.2 V; final potential: c.4) + 0.5 V, (B) 0 V: 
scan rate: 20 mV se ‘. (A) (a) 0, (b) 250 mg I - ’ titanium, 
supporting electrolyte 0.1 M KCI. 0.05 M acetate buffer. 0.01 
M oxalic acid. (B) (a) 0. (b) 0.5 mg I ’ titanium; supporting 
electrolyte 0.05 M acetate buffer. 0.01 M oxalic acid. 0.1 mM 
CTAB. 

2. Experimental 

2.1. Apprutus 

Voltammetric experiments were performed with 
a potentiostat Model 264A PAR (Princeton Ap- 
plied Research) voltammetric analyzer in com- 
bination with an automatically controlled self- 
constructed cell compartment made of Plexiglass 
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Fig. 2. DP \oltammograms of Tt(IV) with a CPE modified in 
situ with CTAB. Supporting electrolyte 0.05 M acetate buffer. 
0.01 M oxalic acid, 0.1 mM CTAB; 2 min deposition at - I.2 
V; Ti(lV) concentration: (a) 0: (b) 30: (c) 60; (d) 90; (e) 120 leg 
I- ‘. 

[27]. The cell consisted of a glass thermostatable 
titration vessel (20-60 ml: Metrohm 61418.220) 
with a platinum wire as counter electrode and 
saturated calomel electrode (SCE; Ingold 303- 
NS) as reference. The latter was in contact with 
the solution via a salt bridge (1 M KCI) with a 
Vicar frit to avoid contamination of the refer- 
ence electrode. The solution in the cell could be 
stirred ( z 300 rev min ‘) with a Teflon-coated 
stirring bar when required. The measuring solu- 
tion was deaerated with highly pure argon or 
nitrogen (99.999”/0) for at least 5 min before 
voltammetric measurements; during the mea- 
surements argon was passed over the solution. 
The temperature of the solution was kept con- 
stant at 20°C with a thermostat (Haake R20). 

Voltammetric curves were registered either on 
X-Y recorder (Compensograph X-Y 1929, 
Siemens) with manual evaluation by the tangent 
fit method. or transferred to a personal com- 
puter after A D conversion by an appropriate 
interface [28]. 

2.2. Working electrode 

The body of the carbon paste electrode con- 

sisted of a Teflon rod (outer diameter 10 mm) 
with a 3 mm deep centric hole (diameter 7 mm) 
for the carbon paste filling and a platinum wire 
through the center of the rod for electrical con- 
tact. 

The carbon paste was prepared by thoroughly 
mixing 5 g of spectral carbon powder (RWB, 
Ringsdorff-Werke, Germany) with 1.6 ml of liq- 
uid paraffin oil (Uvasol. Merck). until a homo- 
geneous consistency was achieved. The paste 
was packed into the electrodes and smoothed 
off with a PTFE plate. 

2.3. Reagents 

Deionized water was distilled twice in a 
quartz still and then purified by a cartridge 
deionization system (Nanopure, Barnstead). Ox- 
alic acid, acetic acid and sodium acetate were 
of suprapure grade (Merck). All other chemicals 
were of analytical grade (p.a., Merck). CTAB 
was recrystallized from a 4:l (v/v) acetone- 
methanol mixture prior to use. Stock solutions 
of titanium (1000 mg 1 - ’ Ti) were prepared by 
dissolving 0.6642 g of potassium titanyl oxalate 
(Ventron, Karlsruhe, Germany) in 100 ml of 0.1 
M aqueous oxalic acid. Stock solutions of lower 
concentrations were freshly prepared by dilu- 
tion. Stock solutions of salts used for investiga- 
tions of their interference effects has 
concentrations of 1 or 10 g 1~ ’ with respect to 
the ion. 

2.4. Procedure 

24.1. Voltummetrq 
The supporting electrolyte for the voltammet- 

ric measurements consisted of 0.05 M acetate 
buffer and 0.01 M oxalic acid (pH 4.3). CTAB 
was added at a concentration of 1 x 10e4 M. 
Cyclic voltammograms (CVs) were recorded 
from - 1.2 to 0 V with a scan rate of 20 mV 
s 1 and an equilibration time of 30 s, begin- 
ning in the anodic direction. 

All quantitative measurements were per- 
formed in differential pulse (DP) mode. The ini- 
tial potential was - 1.2 V, the final potential 0 



V. the pulse height 50 mV, and the scan rate 10 
mV s- ‘. Prior to the differential pulse voltamme- 
try (DPV) measurements the electrode was condi- 
tioned by applying a potential of - 1.2 V for 15 
min in the supporting electrolyte containing 
CTAB. Subsequently, titanium was added to the 
solution and preconcentrated onto the electrode 
surface with the initial potential applied. 

2.4.2. Reggmerarion 
Complete removal of residual titanium on the 

electrode was achieved by exposing the electrode 
to a separate solution containing 0.1 M sodium 
salicylate and 0.05 M acetate buffer (pH 4.7). 
applying a potential of - 1.2 V for 1 min and 
scanning to - 0.2 V. After this, the cleaning was 
completed by a 1 min exposure of the electrode 
to a stirred solution of 1 M potassium bromide 
without the application of a potential. 

2.4.3. Anuh~sis of’ a n~inrral sunydr~ (sronr ~~~ool,J 
About 2bO rng of the sample (Heralan, Herak- 

lith. Austria) was fused with a five fold excess of 
NaKCO, in a platinum crucible for 20 min. 

i 

-w 
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Fig. 3. Dependence of the peak current on the concentration 
of CTAB m the measurement solution. Supporting electrolyte 
0.05 M acetate buffer, 0.01 M oxalic acid: 50 118 I ’ Ti(IVL 2 
min deposltion at - I .7 V. 

Afterwards the reaction product was dissolved in 
50 ml of hydrochloric acid (5 M). The resulting 
solution containing solid silicate was heated on a 
sand bath until most of the hydrochloric acid had 
evaporated. Then WC1 (15 ml, 10 M) was added 
again and evaporated almost to dryness. This 
procedure was repeated twice. The residue was 
dissolved in hydrochloric acid (3 M). and the 
silicic acid was filtered off. The filtrate was di- 
luted to a volume of 100 ml. For the voltammet- 
ric determination a 10 ~1 aliquot was added to 20 
ml of supporting electrolyte. 

3. Results and discussion 

In order to determine Ti(lV) by voltammetry 
using CPEs, it is necessary to transform it into a 
complex, because otherwise highly acidic solu- 
tions must be used. yielding voltamograms of 
poor quality [2]. With CPEs it is hardly possible 
to employ such media, as the background cur- 
rents at negative potentials are considerably high 
due to enhanced hydrogen evolution. Neverthe- 
less, acidic solutions are required for a successful 
reduction of Ti(IV). 

The titanyl cation TiO’+ forms a stable 
anionic complex with oxalic acid with a forma- 
tion constant of 5 x 10” 1’ mol. ’ according to 
[29]. 

TiO’ + + 2(C10,)’ G [TiO(C,0J2] ~ (1) 

At a mercury electrode reduction occurs at about 
- 0.3 V vs. SCE at pH 1.2 [3] 

[TiO(C,O,),]’ + 2H - 

+e + [Ti(C,O,)J + H,O (2) 

When using a CPE reduction of [TiO(Ox),]“- 
occurs at about -0.9 V (pH 4.3) as a weak 
signal superimposed on the hydrogen evolution 
current. This can be clearly seen in the cyclic 
voltammogram recorded with an unmodified elec- 
trode (Fig. IA). The electrode reaction is rather 
irreversible. since reoxidation is anodically shifted 
to about - 0.05 V. On lowering the pH the shift 
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Fig. 4. Dependence of the DPV peak current on the titanium 

concentration. Supporting electrolyte 0.0.5 M acetate buffer. 

0.01 M oxalic acid. 0.1 mM CT,AB: deposition times: (a) 10: 
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becomes less. but the signal is still irreversible. 
Since the signals are always very small, the sensi- 
tivity is low and not suitable for trace analysis. 

If CTAB is present in the solution at a concen- 
tration level higher than the CMC the titanium 
oxalate becomes preconcentrable at the electrode 
surface and yields a pronounced reduction and 
reoxidation signal of the redox couple 
[TiO(Ox),]’ [Ti(Ox),] with a tremendous im- 
provement in sensitivity (Fig. 1 B). 

The redox reaction without CTAB is strongly 
irreversible. whereas it becomes quasi-reversible in 
its presence. The reduction and reoxidation poten- 
tials occur at about - 0.78 and - 0.64 V vs. SCE 
respectively. The reduction signal shifts to more 
positive potentials compared to unmodified CPEs. 
This indicates that Ti(IV) is more easily reduced 
in the adsorbed form Lvith cetyltrimethylammo- 
nium ions (CTA-) than as a free complex in 
solution. However. the reoxidation potential shifts 

to more negative values due to enhanced 
reversibility. Titanyl oxalate apparently shows 
a high affinity towards the postively charged 
CTA’. Additionally it can be seen that the elec- 
trochemical response of titanium is overlapped by 
a broad wave caused by CTAB. 

Other modifiers were investigated to determine 
their effect on the electrochemical behaviour of 
titanium. Anion exchangers, such as Amberlite 
LA?. Dowex 1 or Aliquat 336, yielded poor re- 
producibility and showed only low affinity to- 
wards titanyl oxalate. 

Ion-pairing reagents other than CTAB, com- 
prising lipophilic cations such as tetrabutylammo- 
nium bromide (TBAB). tetrabutylphosphonium 
bromide (TBPB), tetraphenylphosphonium chlo- 
ride (TPPC), or tetraphenylammonium chloride 
(TPAC). were found to have an improving. albeit 
small, effect on the determination of titanium. 
This is due to the fact that the hydrophobic part 
of the counter ion is attracted by the lipophilic 
carbon paste. forming a monomolecular layer at 
the electrode surface, but interacts only slightly 
with titanyl oxalate. However, under open circuit 
conditions preconcentration of titanyl oxalate in 
the presence of the cationic surfactants is not 
effective. 

The most sensitive and most reproducible re- 
sults are obtained with an in-situ modification of 
the surface of the CPE with CTAB. 

Titanium as an oxalate complex can be precon- 
centrated onto the surface of CPEs in the presence 
of CTAB if a deposition potential more negative 
than ~ 0.7 V is applied. If CTAB is used as a 
modifier in a separate solution under open circuit 
conditions titanium is also preconcentrable, but 
only to a much smaller extent requiring signifi- 
cantly higher Ti concentrations, probably due to 
washing out of accumulated species by medium 
exchange. Thus. application of a preconcentration 
potential for the determination of titanium at 
lower concentrations is essential. 

The accumulation process can be explained 
analogously to reversed-phase ion-pair partition- 
ing chromatography by two effects, i.e. in-situ 



formation of an ion-exchanger at the electrode 
surface (A) and formation of ion pairs or micellar 
congregates in solution (B): 

(A) 

[C*A-I, ,111, ~ w-----f K*A+l, .,,,, ~ \“,, (3) 

[c*A-l\.“,,< ,LIII + >‘[TiO(C,O,),]’ ,(,, 

--f <[CT-A - I, i WXWLJ21’ t I A,,, (4) 

(B) 

[CT* + 1\.!111< .,<>I + .r’[TiO(C,O,),]’ ,(,, 

4 W**+l, CW3G0,L11! 1, >,,,, (5) 

W*A+l., {F’iO(C20&12 1, >,,,, 
121’ 

-+ (DA + I, t WXGQJ212 I , ),urt (6) 

The subscripts “sol” and “surf’ designate the 
bulk solution and the electrode surface respec- 
tively; “mic” indicates micelle. 

When the concentration of CTAB in solution is 
above the CMC. mass transport and adsorption 
are probable via micelles rather that via individual 
surfactant ions [26]. At CTA- concentrations 
below the CMC only monomers are adsorbed on 
the electrode surface; therefore. the background 
current is low but the transport of the titanyl 
oxalate anions towards the electrode surface can 
be performed only with monomers, which is obvi- 
ously not so effective. 

The titanyl oxalate anion will be reduced simul- 
taneously during the adsorption: 

([CTA-1, {[TiO(CIO,),]’ 1, )surf + 2yH + +J’e 
-,IV 
--- ---) ([CTA’], {[Ti(C,O,),I I, ),urf +J~H@ 

(7) 

3.3. Determination of fitaniurn lvith CTAB und 
o.xalute 

When preconcentrating Ti in the presence of 
CTAB there is an overlap of the peak in the blank 
curve with the titanium signal. In principle DP 
voltammograms could be recorded in both direc- 
tions yielding a response for titanium, but scan- 
ning in the anodic direction is more favorable. 
The analyte [TiO(Ox),]’ can be preconcentrated 
only at potentials significantly higher than - 0.6 

V, because the negative potential has a favorable 
effect on the adsorption of CTA’ micelles. Simul- 
taneously, reduction of [TiO(Ox),]‘~ occurs yield- 
ing [Ti(Ox)J , which is then immobilized by ion 
pairing. Therefore, the reoxidation signal 
recorded in the anodic scan is much more pro- 
nounced than the corresponding reduction peak. 
Another reason for exploiting the reoxidation sig- 
nal is that its height can be evaluated much better, 
because of lower background currents and only a 
very small overlapping signal of the blank curve. 
Anodic DP voltammograms are shown in Fig. 2. 
As expected the peak currents increase with in- 
creasing negative deposition potentials. The tita- 
nium reoxidation current increases linearly from 
- 0.7 V to - 1.3 V. The more negative the ap- 
plied deposition potential, the more effective is 
adsorption of the positively charged CTA+ mi- 
celles, and thus the better is the transport of 
titanyl oxalate to the electrode surface. For practi- 
cal reasons a deposition potential of - 1.2 V was 
found to be optimal, although the reoxidation 
currents obtained with - 1.3 V are even higher. 
However, the background also increases strongly, 
deteriorating the determination. 

Optimization of the CTAB concentration in 
solution shows that only concentrations above the 
CMC are effective for preconcentrating titanium 
at low concentrations (Fig. 3). A maximum is 
obtained with a concentration of about 0.15 mM 
CTAB. When the CTAB concentration is in- 
creased further, the peak current decreases slowly, 
whereas the background current increases. Al- 
though peak currents have a maximum value at a 
concentration of 0.15 mM, best results in terms of 
reproducibility were obtained with only 0.1 mM 
CTAB. 

Other parameters which greatly influence the 
analytical performance of the determination of 
titanium are the composition and the pH of the 
measurement solution. Many different supporting 
electrolytes, such as potassium bromide (0.1 M), 
potassium chloride (0.1 M) and hydrochloric acid 
(0.001 M), sulphuric acid (0.01 M), sodium ox- 
alate (0.05 M), sodium salicylate (0.01 M), and 
acetate buffer (0.05 M) and oxalic acid (0.01 M), 
were examined to obtain optimal titanium reoxi- 
dation signals. Best performance was achieved 
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Table I 
Change in the peak current of the titanium reoxidation signal caused by anionic components. Solution for the measurement: 0.05 
M acetate buffer, 0.01 M oxalic acid and 0.1 mM CTAB: titanium concentration: 100 /ig I-‘: deposition time: 2 min; voltammetry: 
DPV: initial potential: - 1.2 V: final potential: -0.0 V: scan rate: 10 mV s ’ 

lnterferent Added as Change of peak current ( I %) due to cow. of interferent (mg 1~ ’ 1 
- 

0 5 
______ 

.4SOF NaAsO, i 0 
.4so, NaHAsO, * 0 
Br KBr t 0 
Cl NaCl 2 0 
Cr,OS K,Cr,O. Decreasing 
F NaF -23 
I- Nal * 0 
MnO, KMnO, Decreasing 
MOO; (NH&M• -O,., Owlapping 
NO, NaNO, +L 0 
PO; Na,PO, * 0 
so; NZi$O, i 0 
Salicylatc Na salicylate 10 

HOC,H,COO 
vo;~ NH,VO, in 0.3 M -30 

HNO, 

with a solution containing acetate buffer (0.05 M) 
and oxalic acid (0.01 M) (pH 4.3). 

When studying the influence of pH by addition 
of hydrochloric acid or sodium hydroxide to this 
solution the optimum was found at a value of 4.3. 
At pH 7 reoxidation could no longer be observed. 
This is also the case when decreasing the pH to 
1.5. Also, the peak potential depends on the hy- 
drogen ion concentration and decreases linearly 
with decreasing H + concentration with a slope of 
about 100 mV per pH unit. This suggests that two 
hydrogen ions are involved in the redox process 
according to Eq. (2). 

The complete removal of accumulated titanium 
from the CTA’-modified electrode surface re- 
quires further treatment of the electerode for 
repetitive use (regeneration). Various procedures 
including chemical and electrochemical treatment 
were investigated. The titanyl oxalate anions were 
not completely removed by exposing the electrode 
to a stirred aqueous solution of 1 M KBr: regen- 
eration of the electrode surface via competitive 
ion exchange alone did not lead to complete 
regeneration of the surface. Therefore, it was nec- 

5 50 

-to - 15 
20 -15 
t 0 Increasing background currents 
z 0 zo 

Overlappmg Overlapping 
i0 i 0 
I 0 i0 
?O * 0 
~ IO -65 
Decreasing Decreasing 
- 100 - 100 

essary to clean the electrode surface by electro- 
chemical desorption of residual CTA+-titanyl 
oxalate ion pairs. This was done in a stirred 
solution of 0.1 M sodium salicylate, as the latter is 
a very good counterion for CTAB [30]. The best 
method was found to be application of a potential 
of ~ 1.2 V for 1 min and then scanning to - 0.2 
V. Ater this procedure the electrode was dipped 
into a stirred 1 M KBr solution for 1 min without 
the application of a potential. 

The dependence of the reoxidation current on 
the deposition time gives a linear relation between 
current and time up to a period of IO min. Longer 
times cause deviation from linearity due to the 
attainment of equilibrium conditions. 

The dependence of the reoxidation current of 
titanium(N) on the concentration, applying 
proper preconcentration times, is shown in Fig. 4. 
With a deposition time of 1 min a linear curve is 
obtained from lo-250 /lg l- ’ Ti(IV): with a 2 
min deposition time linearity exists from 5-160 

jig 1 ‘. When increasing the time of deposition 
up to 10 min. a linear range from I- 10 pg 1~ ’ 
can be observed. 
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Table 2 

Change in the peak current of the ritamum reoxidation signal caused by cations; experimental parameters as in Table 1 

lnterferent Added as Change of peak curwnt ( +‘>‘I)) due to cont. of interferent (mg I- ‘) 

Ag’ 

Al7 + 
Cd’- 

Co’- 
Cr” 
Cu’ / 

Fe’ + 
&’ 

Hg’ 

In’ 

AgNO; in 0.5 M 

HNO, 

.AICI, 

CdCI, 

coc1; 

CrCI, 

CUCI. 

FeCl.: in I.‘” o HCI 

Ga(NO,l, 

HglNO,): in dtl. 

HNO, 

In(NO,), 

Mn” 
Nip 

Pb-’ _ 

Sb‘ ’ 

Sb(V) 

Sn(IV) 

TI’ ’ 

uo; - 

voz - 
Zn:. 

ZrO’ 

MnCI, 

KICI, 

Pb(NO,), 
SbCI, 

SbCI, in IO M HCI 

SnCI, in HCI 

TICI; 

voso, 
ZnSO, 

ZrOCl, 

i 0 
zo 
Owlapping 

*0 

io 
- 20 

io 

51 

- 20 
-t 0 
-30 

The relative standard deviation is 4.0% for five 
repetitive measurements (50 ,~g I ’ Ti(IV). 2 min 
deposition time). The limit of detection (calcu- 
lated as 3~) of titanium is 0.46 jig 1~ ’ with a 
deposition time of 2 min and 0.1 ,~(g I ’ with IO 
min. 

Interferences of many cations and anions with 
the reoxidation signal of titanium(II1) were exam- 
ined. 

3.4.1. Anions 
Common anions like nitrate, sulphate, phos- 

phate, and chloride do not interfere even in a 
500-fold mass excess with respect to titanium. The 

-86 

-90 

-50 

-100 

~ 100 
Overlapping 

-100 

-31 

-56 

-97 

-100 
- 54 

-100 

Overlapping 

-27 

- I00 

Overlapping 

-20 

-100 

Overlapping 

~ 100 

Overlapping 

-100 

Overlapping 

-100 

-100 

-100 

presence of a 500-fold excess of bromide results in 
slightly increasing background currents without 
changing the signal. The same excess of iodide 
leads to a diminution of the titanium signal by 
about 32%. This decrease is due to the fact that 
iodide is a very good counterion for CTAB mi- 
celles, because of its small hydrated ionic radius; 
competitive attraction between titanyl oxalate and 
iodide is the consequence. Fluoride already inter- 
feres at a five fold excess, owing to complexation 
of Ti(IV). Salicylate interferes by increasing the 
background current and decreasing the signal of 
titanium. This is obviously due to competitive 
concurrence for the ion exchanging groups. Vana- 
date and molybdate are complexed by oxalate 
forming ion pairs with CTAB; molybdate addi- 
tionally yields an electrochemical response over- 
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lapping with the signal of titanium. Tungsten(V1) 
interferes severely, although no anionic complexes 
with oxalate are formed. Chromate and perman- 
ganate act as oxidizing agents for titanium(II1). 
and therefore decrease its reoxidation currents. 

3.4.2. Clcrti0ti.s 
Electroactive metal cations, which are reduced 

to the elemental state at a potential of - 1.2 V, are 
accumulated onto the electrode surface. In the 
case where they do not form anionic oxalate 
complexes they interfere significantly at a 50-fold 
excess only, if the resulting electrochemical re- 
sponse overlaps with the reoxidation of Ti(II1). At 
higher concentrations they show a decreasing ef- 
fect on the titanium signal. if they are deposited on 
the electrode surface, because they reduce the 
available lipophilic surface area. Iridium, thallium 
and copper form stable anionic oxalate complexes 
and give a reoxidation peak as well. Their precon- 
centration probably proceeds via direct electrolytic 
reduction as well as via the complex; they interfere 
at higher concentrations. Cobalt, nickel. zinc, alu- 
minium. iron(III), uranium(V1). vanadium(IV). 
zirconium( IV). and gallium( III) are accumulated 
as anionic oxalate complexes. resulting in a de- 
crease of the titanium reoxidation response. 
Chromium(II1). manganese(I1) and antimony(V) 
do not interfere severely up to a 50-fold excess 
because they do not form anionic oxalate com- 
plexes. 

Table 3 

Results of the determination of titanium m a mineral sample 

(stone wool) 

Sample Concentration of Concentration of TiO, 

TiO, obtained by obtained b) ICP-MS - 

voltammetry (” I# * (” (I + standard debia- 

standard deviation I tlon) 

I 3.6 i. 0.2 (3)“ 3.62 2 0.03 

2 3.7 + 0.2 (3)“ 3.72 * 0.04 

Mean value 3.6 & 0.2 3.67 * 0.03 

,‘Number of replicate measurements. 

3.5. SaI?lpIt~ 

The proposed method was employed for the 
determination of titanium in a mineral sample 
(stone wool), where it is present as TiO,. The 
sample, containing SiO,, Al,O,, Fe20?, CaO, 
MgO, Na,O and TiO, and small amounts of other 
oxides. was digested with an equimolar mixture of 
sodium and potassium carbonate as described 
above. Control analyses were performed with in- 
ductively-coupled plasma mass spectrometry 
(ICP-MS). Table 3 shows the results. Although the 
electrochemical method shows higher relative 
standard deviations. the agreement between the 
different methods is satisfactory. 

Acknowledgement 

The authors acknowledge support of this work 
by the Austrian Fonds zur Fiirderung der Wis- 
senschaftlichen Forschung. FWF, project 
# I 11172-CHE. 

References 

[I] F. Vydra. K. Stulik and E. Julakova, Electrochemical 

Stripping Analysis. Wiley. New York, 1976. 

[2] J.J. Lingane and J.H. Kennedy. Anal. Chim. Acta. IS 

(1956) 295. 

[3] R.L. Pecsok, J. Am. Chem. Sot.. 73 (1950) 1304. 

[4] R.L. Pecsok and E.F. Maverick. J. Am. Chem. Sot.. 76 

(1953) 358. 

[i] J.B. Headridge and D.P. Hubbard. Anal. Chim. Acta. 36 

( 1966) x5. 

[6] G. Mattock. J. Chem. Sot.. 540 (1954) YXY. 

[7] G.M. Habashi. J. Electroanal. Chem.. 8 (1964) 237. 

[X] H. Li and C.M.G. Van den Berg. Anal. Chim. Acta, 221 

(19X’)) 269. 

[Y] J. Musil. J. Dolezal and J. Vorlicek. J. Electroanal Chem., 

24 ( IY7(1) 447. 

[IO] J. Wang and J.S. Mahmoud. J. Electroanal. Chem., 208 

(1986) 383. 

[I I] .A. Romanus, H. Mueller and D. Krisch. Fresenius. J. 

Anal Chem.. 340 (1991) 363. 

[I21 V. Hemmer-Colas and R. Neeb. Naturwissenschaften, 73 

(1986) 498. 

[I?] D.V. Vukomanovtc and G.W. VanLoon. Fresenius, J. 

Anal. Chem.. 350 (1994) 352. 

[I41 J Zhao. D. Sun. X. Wei and W. Jm, Anal. Chim. Acta. 

306 (lY95) 235. 



I924 M. Sradlohrr et al. Trrlmta 43 (1996) 1935 1924 

[I51 J. Zhou and R. Need, Fresenius. J. Anal. Chem., 33X Vytras, C. Neuhold and Z. Yang, Electroanalysis, 7 
( 1990) 34. (1995) 5. 

[16] P.L. Buldim, D. Ferri and F. Zignam. Fresenius. .I Anal. 
Chem., 314 (1983) 660. 

[I71 D. Ferri and P.L Buldini, Analyst, 107 (1982) 1375. 
[IS] K. Yokoi and C.M.G. van den Berg. Plnal. Chim. .4cta. 

245 (1991) 167. 

[24] C. Tanford, The Hydrophobic Effect: Formation of Mi- 
celles and Biological Membranes, Wiley, New York, 
1980. 

[25] C. Mousty and G. Mousset. New J. Chem., I6 (1992) 
1063. 

[IY] Y. Yamamoto. K. Hasebe and T. Kambara. Anal. 
Chem., 55 (1983) 1942. 

[26] S. Hu. Y. Yan and Z. Zhao. Anal. Chim. Acta, 248 
(1991) 103. 

[20] P.V.C. Rao and V.J. Koshy. Talanta. 41 (1994) I91 I. 
[2l] Y. Castrillejo. R. Pardo, E. Barrado and P.S. Batanero. 

Electroanalysis. I ( 1989) I 8 I, 
[??I K. Kalcher. Electroanalysis, 2 (1990) 419. 
[23] K. Kalcher, J.-M. Kauffmann. J. Wang, I. Svancara, K. 

[27] K. Kalcher, Fresenius. Z. Anal. Chem.. 323 (1986) 238. 
[28] K. Kalcher and C. Jorde, Comput. Chem., IO (1986) 201. 
[29] J. Stary, Anal. Chim. Acta, 28 (1963) 132. 
[30] Z. Lin, J.J. Cai, L.E. Striven and H.T. Davis, J. Phys. 

Chem.. 98 (1994) 5984. 



Talanta 
Talanta 43 (I9961 192 1929 

Supersonic Jet/Time-of-flight mass spectrometry of adenine 
using nanosecond and femtosecond lasers 

Cheng-Huang Lin, Junichi Matsumoto, Satoshi Ohtake, Totaro Imasaka* 

Abstract 

Mass spectra and ionization efficiencies of adenine were measured with nanosecond ( I5 ns) and femtosecond (500 
fs) laser pulses at identical energy levels. A molecular ion is clearly observed in both spectra. but the efficiency is 
improved IO-fold when a femtosecond laser is used. indicating the distinct advantage of ultrashort laser pulses for 
multiphoton ionization of nucleobases in supersonic jet spectrometry. 

K~~~wwtlr: Adenine: Ionization efficiencies: Lasers: Mass spectra: Nucleobases 

1. Introduction 

A combination of laser-induced multiphoton 
ionization (MPI) and time-of-flight (TOF) mass 
spectrometry (MS) is an extremely useful tech- 
nique in analytical spectroscopy [1.2]. The super- 
sonic jet technique gives a narrow spectral feature 
in the ultraviolet and visible spectra and is, there- 
fore. useful for the identification of molecules 
[335]. Such techniques have often been applied to 
polycyclic aromatic hydrocarbons (PAHs) [6.7] 
MPI.TOF-MS as well as fluorescence spectrome- 

* Corresponding author. Fax. ( + Xl )Y2-632-5209: 

e-mall. imasatcm@ mbox.nc.h~u~hu-u.ac.jp 

try have frequently been used for the detection of 
molecules. However, nucleobases have seldom 
been investigated with supersonic jet spectrome- 
try. An examination of the literature reveals that 
only MPI:MS spectra of uracil, thymine [8], 
adenine. guanine [9]. adenineethymine and gua- 
nineecytosine [lo] have been reported. The rea- 
sons for this are obscure but are probably due to 
poor ionization efficiencies for nucleobases. Pi- 
cosecond (and nanosecond) laser pulses have been 
used for efficient MPI in non-jet spectroscopy, 
e.g. for determination of PAHs with gas chro- 
matographic detection [I 11. Recently, femtosec- 
ond laser experiments have opened up a new field 
for examining rearrangements, fragmentations, 
and dissociations of small molecules when a su- 

0039-9140 96 %I500 ci 1996 Elsevw Science B V All rights reserved 
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(A) Nanosecond Laser System 

248nm 
-20mJ 

-15ns 

1 -8 L 

(B) Femtosecond Laser System 

248nm 
-2omJ -\ 

-500fs 

A------ KrF Amplifier 
248nm - 
-1opJ I I 

Gated Saturable 
DyeLaser Absorber -9~s 
498nm 

-5OOfs 

Fig. I. Laser systems for generation of (A) 15 ns and (B) 500 fs pulses 

personic jet is used [ 121. However, no quantitative 
evaluation of ultrashort laser pulses in analytical 
spectroscopy has been reported at the time of 
writing. 

2. Experimental 

The experimental set-up comprises a nanosec- 
ond/femtosecond laser system and a supersonic 
jet TOF mass spectrometer. The supersonic jet 
spectrometer used in this study has been reported 
in detail elsewhere [13,14]. The laser is commer- 
cially available from Lambda Physik and is only 
briefly described here. The laser system consists of 
a dye laser pumped by a XeCl excimer laser, and 

In this study. we report MPI:MS of the nucle- 
obase adenine using an ultrashort pulse excimer 
laser. The mass spectra and ionization efficiencies 
obtained with nanosecond and femtosecond laser 
pulses are compared, in order to evaluate the 
advantages of femtosecond laser ionization in su- 
personic jet spectrometry. 



a KrF excimer amplifier, as shown in Fig. 1. A 
quenched-cavity dye laser producing ~200 ps 
pulses [15] is used as a pump source for a short- 
cavity dye laser to generate 5 9 ps pulses. After 
passing it through a gated-saturable absorber [16], 
the laser beam is then used to pump a distributed- 
feedback dye laser to generate 2 500 fs, 0.1 mJ 
pulses at 496 nm [17.18]. The laser beam is fre- 
quency-doubled to 248 nm by a /I-BaB,O, (BBO) 
crystal amplified to 20 mJ by a KrF amplifier. The 
peak laser power achieved is 40 GW. In contrast, 
the nanosecond laser pulse is generated by feed- 
back of the amplified spontaneous emission (ASE) 
through the KrF discharge channel. It produces 
1.5 ns, 10 mJ pulses at 248 nm. A mass spectrum 
was recorded using a digital oscilloscope (LeCroy 
9360). and the signal was averaged 200 times. 
Adenine. which was used as a sample, was ther- 
mally vaporized by elevating the reservoir temper- 
ature to 300°C. The laser beam was focused into 
a supersonic jet using a quartz lens (1 m focal 
length) and the laser pulse energy was adjusted by 
passing it through a pinhole. Its value was moni- 
tored by a Joule Meter (Molectron, J3-05DW). 
Adenine was supplied by Kishida Chemicals (Os- 
aka. Japan). 

3. Results and discussion 

The MPI/TOF mass spectrum was measured by 
changing the laser pulse energy from 0.02 to 1 mJ 
using the nanosecondifemtosecond laser. Fig. 
2(A) shows the mass spectrum of adenine ob- 
tained using 15 ns (80 /tJ) laser pulses. A signal 
peak at a flight time of 12.4 /is corresponds to a 
molecular ion of adenine (m,: 135). indicating a 
relatively soft ionization of the molecule. The 
mass spectrum for adenine has been reported by 
Li and Lubman [19]. using a dye laser emitting at 
222 nm. and showed a molecular ion and a frag- 
ment (m ,Z 108, M-HCN). The ionization poten- 
tial of adenine is approximately 8.48 eV. and the 
laser wavelength used in this study (248 nm, 5.0 
eV) is sufficiently short to allow- two-photon ion- 
ization. When the laser pulse energy was increased 
to 1 mJ. the fragment signals (clH11. C2Hn. : 
n = integer), which are negligibly small in Fig. 

2(A). became stronger than the molecular ion 
signal. Fig. 2(B) shows the mass spectrum ob- 
tained using 500 fs (80 /l J) laser pulses. A strong 
mass peak corresponding to a molecular ion of 
adenine (flight time = 12.4 ps) is observed. The 
ionization efficiency is improved to IO-fold in 
comparison with the spectrum obtained using the 
nanosecond laser. This signal enhancement is 
slightly larger than the value obtained for ther- 
mally decomposed products of polystyrene (a six- 
fold increase). where softer ionization’ was also 
observed using femtosecond laser pulses [20]. The 
greater enhancement observed may be due to a 
faster relaxation rate, i.e. a shorter lifetime in the 
excited state for adenine in comparison with aro- 
matic hydrocarbons, which result from the ther- 
mal decomposition products derived from 
polystyrene. 

The ion signal in the mass spectrum increases 
with increase in the pulse energy in the experi- 
ments using both nanosecond and femtosecond 
lasers. However, the molecular ion is more effi- 
ciently dissociated to small fragments at higher 
pulse energies. Therefore, it is necessary to opti- 
mize the pulse energy to enhance ionization and 
to minimize photodissociation for sensitive detec- 
tion of a molecular ion. The relationships between 
the ionization signals at m/z 135 and the laser 

m/z 

0 

I I I 

0 5 IO IS 20 

Time of Flight (US) 

Fig. 2. Mass spectra for adenine. ionized at 248 nm and 80 /cJ. 

usmg (A) I5 ns and (9) 500 fs laser pulses. 
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Fig. 3. Dependences of ion signal intensities at ~1 ; 135 on 
laser pulse energy measured using (A) 15 ns and (B) 500 fs 
laser pulses. Many fragment peaks and signal peaks occurrmg 
from pump oil appear above 1.0 mJ, and so quantitatlbe 
comparison is difficult above this pulse energy. 

pulse energy are shown in Fig. 3. When a 
nanosecond laser is used, significant photodissoci- 
ation occurs and the adenine signal decreases 
above 0.5 mJ. When a femtosecond laser is used, 
the ionization efficiency is always higher and in- 
creases to 1 mJ. This result implies that femtosec- 
ond MPI is desired for sensitive detection of a 
molecular ion. 

In preliminary experiments. no signal could be 
observed for uracil. Two explanations are possible 
for low ionization efficiencies for nucleobases. 
First, the ionization potential of uracil might be 
sufficiently high that the molecule is not ionized 
using a conventional single-color UV laser. The 
order of ionization potentials for DNA and RNA 
bases is uracil (9.32Z9.70 eV)>cytosine (8.87-~ 
9.43 eV) > thymine (8.68-8.94 eV) >adenine 
(8.26-8.91 eV)>guanine (7.77- 8.30 eV) [21L24]. 
To overcome this problem, a far-UV laser and#or 
a two-color MPI scheme might be necessary [8]. 
The other possibility is that the fast relaxation of 
energy from the excited state, e.g. intramolecular 
radiationless transition or photodissociation. oc- 
curs before MPI. It is well known that the fluores- 
cence quantum yields are much less for 
nucleobases, implying shorter lifetimes. Although 
the relaxation process is not fully understood for 
biological molecules such as nucleobases, the fem- 
tosecond laser may allow faster MPI than in- 
tramolecular energy relaxation because of the 
ultrashort pulse widths. The data presented herein 

clearly show that the femtosecond laser is useful 
for inducing soft ionization of nucleobases and 
also for a significant improvement in ionization 
efficiency. The wavelength of the laser is, how- 
ever, not adjusted to a specific transition, e.g. 0-O 
transition. More efficient ionization could be ac- 
complished using a tunable femtosecond laser. 
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Abstract 

A simple and sensitive spectrophotometric method for the assay of eight drugs containing quaternary ammonium 
or tertiary amine moieties is described. The method is based on the interaction of these drugs with quercetin after its 
oxidation with N-bromosuccinimide (as counter ion) to give highly colored ion-pairing complexes extractable with 
organic solvents. The absorbances of the colored complexes are measured in the range of 528-560 nm. Beer’s law is 
obeyed for the studied drugs in the range 5-30 fig mlk’. The method is successfully applied to the analysis of the 
studied drugs in commercial dosage forms. 

Kqwordss: Ion pairing; Pharmaceuticals; Quercetin 

1. Introduction 

It is well known that a huge number of com- 
pounds belonging to different pharmaceutical 
classes contain either tertiary amine or quaternary 
ammonium moieties [l]. Accordingly, numerous 
spectrophotometric methods for their analysis 
have been reported [2-71; few of them could be 
considered to be general for tertiary amines and 
many of these methods suffer from a lack of 
selectivity and simplicity. 

Ion-pair formation methods provide a rapid 
and convenient technique for the measurement of 

* Corresponding author. 

tertiary amines and quaternary ammonium salts 
[8- 111. 

Quercetin is a naturally occurring flavonol 
which has been used before for the spectrophoto- 
metric and fluorimetric determination of metal 
ions [12]. 

In the present work, oxidized quercetin is used 
for extractive spectrophotometric determination 
of some tertiary amines and quaternary ammo- 
nium salts of different pharmacological classes, 
namely procaine HCl and dibucaine HCl (local 
anaesthetics), pheniramine maleate (antihistam- 
inic), toclase citrate and oxeladine citrate (antitus- 
sives). butathamate citrate (sympathomim- 
etic), oxyphenonium bromide (parasympatholytic) 
and cetylpyridinium chloride (antiseptic deter- 

0039-9140’96, $15.00 Q 1996 Elsevier Science B.V. All rights reserved 
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Table I 

PIbsorption characteristics of studled drugs and summary of some statistical data 

Drug Cont. used for i ,,,‘ 1\ kn‘,X Linearity Limit of Slope Intercept r” 

determinatlonb (nml (L mol ’ range detection (SE) (SE) 

(PE mlm’) cm- ‘) (pg ml-‘) (pg ml-‘) 

Butathamate citrate 200 530 6.10 x IO’ j-50 3.1 0.0235 -0.0045 0.9939 

(0.0001) (0.030) 
Dibucaine HCI 150 528 I .54 x IO’ 2 30 1.0 0.0315 0.0914 0.9994 

( 0.0006) (0.011) 
Oxeladine citrate 200 530 6.74 x IO’ 5- 50 2.8 0.0264 -0.0631 0.9965 

(0.0001) (0.024) 
Pheniramine maleate ‘00 528 I.32 x IO’ 5 50 2.5 0.0191 0.0802 0.9982 

(0.0007) (0.016) 
Procaine HCI 200 535 8.70 x IO’ 5-50 I .6 0.0166 0.0515 0.9979 

(0.0005) 10.009) 
Toclase citrate I50 529 I 72 x IO4 2 -30 I .2 0.0467 0.0490 0.9914 

(0.0004) (0.019) 
Cctylpyridinium chloride IO0 558 I.56 x IO’ 2 30 1.7 0.0384 0.0525 0.9950 

(0.0003) (0.022) 
Oxyphenonium bromide 100 551 2.10 x IO’ 5 30 3.6 0.0273 0.1079 0.995 I 

I’ Correlation coefficient. 

(0.0001) (0.032) 

gent). The method is simple, sensitive and selec- 
tive and can be applied to the analysis of pharm- 
aceutical preparations. The proposed method has 
the additional advantage that primary and sec- 
ondary amines do not interfere under the pro- 
posed reaction conditions. 

2. Experimental 

2.1. Iastrunwnt 

A Uvidec-320 spectrophotometer (Jasco. 
Tokyo. Japan) was used. 

2.2. Mfitcrirrls 

The drugs listed in Table 1 are of pharmaceuti- 
cal grade, obtained courtesy of the manufacturers, 
and were used as working standards without fur- 
ther treatment. The purities of the standards were 
checked according to some reported methods [I]. 
Pharmaceutical preparations were obtained lo- 
cally. IV-Bromosuccinimide (NBS) was obtained 

from BDH (Poole, UK) and quercetin was from 
Merck (Darmstadt, Germany). All other chemi- 
cals and solvents used in this work were of analyt- 
ical grade. 

2.3. Rrugrnts 

2.-J. I. NBS solution 
NBS solution was 0.15% w/v in distilled water 

and was prepared fresh daily. 

2.3.2. Quercetin solution 
Quercetin solution was 0.2’%1 w/v in ethanol. 

2.2.3. Buffer solution 
Teorell and Stenhagen buffer, pH 2.0- 12.0, was 

used [13]. 

2.3.4. Stundurd drug solutions 
Standard drug solutions were prepared by dis- 

solving 50 mg of the studied drug (as a salt) in 100 
ml of distilled water. Working standards covering 
the range 206500 pg ml ’ were prepared by 
further dilution. 



-7.4. I For. rtrhlcts 
Weigh and finely powder 20 tablets. Transfer 

an accurate weight of the powder equivalent to 50 
mg of the drug into a 100 ml volumetric flask. 
shake thoroughly with about 75 ml of water for 
10 min and then make up to volume with water. 
Filter and reject the first portion of filtrate. Dilute 
the prepared solution quantitatively with water to 
obtain the required concentration for analysis. 

Mix well the contents of 10 ampoules. Dilute an 
accurately measured volume of the solution equiv- 
alent to 50 mg of drug quantitatively with water 

0.6( 

I ! 
I 

0.7 I 

0.61 I 

0.3i 

\ I 
0.2 I 

I 

0.1 ‘: 

0 1 I d l-l-L 

350 390 430 470 510 550 590 630 670 710 

Wavelength ( nm. ) 

Fig. I. Absorption spectra of Ion-pair complexeb from oxe- 

ladine citrate ( -. 10 /r_p ml -‘). phemramine maleate (. : 15 

llg ml-‘) and oxyphcnonium bromide I : IO iif ml ‘) 

with quercetin NBS reagents. 

Effect of pH variation on the absorption intensity of the 

Ion-pair complex of dibucaine HCI (I:! ii: ml ‘) with oxi- 

dized quercetin 

PH Absorbance,’ (at 518 nm) 

2.0 0.06X 

2.5 0.09 I 

3 0 0 121 

35 0.187 

4.0 0.278 

4.5 0.366 

5.0 0.368 

5.5 0.467 

fl I) 0.407 

6.5 0..370 

7.C 0.116 

8.0 0 07’ 
.~__.~ 

,’ Average of four determmations. 

to 100 ml. Dilute the resulting solution quantita- 
tively with water to obtain the required concentra- 
tion for analysis. 

Transfer an accurately weighed amount of de- 
clared drug (25 mg) for each preparation to a 100 
ml volumetric Aask containing an accurately 
weighed quantity of the powdered tablets or an 
accurately measured volume of injection solution 
(equivalent to 25 mg of drug). Either dissolve the 
contents of the flask in water and treat as de- 
scribed in Section 2.4.1, or dilute quantitatively 
with water to obtain the required concentration as 
described in Section 2.4.2. 

To 1 ml of either standard or sample drug 
solution in a 10 ml volumetric flask, add 1 ml of 
buffer solution pH 5.0 followed by 0.5 ml of 
quercetin solution and 1.0 ml of NBS solution. 
Mix well and extract with two 10 ml portions of 
dichloroethane. Combine the organic solvent ex- 
tracts, filter over about 2 g of anhydrous sodium 
sulphate and reject the first 5 ml of filtrate. Mea- 
sure the absorbance of the solution at the spe- 
cified maximum (Table 1) against a blank treated 
similarly. 
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Fig. 7. Effect of quercetm concentration on the absorption intensity of the reaction products of(m) I2 I/E dibucaine HCI and (v) 
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Fig. 3. Effect of NBS concentration on the absorption Intensity of reaction products of(m) dibucaine HCI (I? /(E ml-‘) and (v) 

oxyphenonium bromide (IO ,cp ml- ‘b. 

3. Results and discussion 

Preliminary investigations were carried out to 

test the reactivity of quercetin towards both ter- 
tiary amines and quaternary ammonium salts. 
Aqueous solutions of the tested compounds were 



Table 3 

Effect of >ol\rnts on the absorption intenslt) of reaction 

products of dibucalnc HCI (25 i/g ml ‘) 

SOl\'trlll Wavelength (nm I Ahsorbanw’ 

Methylene chlorldc 325 0.61 7 

530 0.685 

Dichloroethane 125 owl 

528 0.874 

Carbon tetrachlorldc 320 0 173 

SIX 0 066 

Chloroform 325 0.673 
530 0.697 

Benzene 328 0.631 

520 0.33h 

ity of the method, preoxidation of quercetin with 
NBS was carried out. Highly colored reddish-vio- 
let ion-pairing complexes absorbing in the wave- 
length range 528-558 nm were produced. These 
complexes were also extractable with chloroform 
and dichloroethane. 

Fig. 1 shows the absorption spectra of oxe- 
ladine citrate, pheniramine maleate and oxyphe- 
nonium bromide association complexes with 
quercetin-NBS reagents as representative exam- 
ples. The complexes have absorption maxima in 
the range 52% 535 nm for the tertiary amines and 
550 560 nm for the quaternary ammonium com- 
pounds. Spectral characteristics of the studied 
compounds are summarized in Table 1. 

,‘Average of four deterniinatlons 

0.5 

04- 

Cl 

0 -~~~ 
260 280 300 320 340 360 380 400 

Wavelength.nm 

Fig. 4. Absorpuon ,pectra of ;~queou\ wlut~on of ( ) dibucame~ HCI (20 jog ml ‘). (. .) reaction mixture containing dibu- 

caine HCI (20 irg ml ‘1 and ( ) bl;mk after cwtraction filth ‘1 IO ml portlon of dichloroethane (all measured against distilled 

water as a blank solution). 

mixed with ethanolic quercetin solution. Intense The reaction conditions, including pH, 
yellow products were produced which were ex- quercetin and NBS concentrations, extraction sol- 
tractable with organic solvents such as chloroform vents. reaction and stability times and interfer- 
and dichlorethane. ences. were investigated and optimized for all 

In order to increase the sensitivity and selectiv- studied drugs. 



The effect of pH was studied by extracting 
the colored complexes formed with buffer of dif- 
ferent pH values. Table 2 shows that a pH 
range of 4.5-5.5 is recommended. A buffer so- 
lution of pH 5.0 was selected for all subsequent 
work. 

3.2. Ejfkt oj y urrcetin concentration 

Several solutions of quercetin in the concen- 
tration range 0.0550.25”/;, w/v were prepared 
and tested with the studied drugs (0.5 ml por- 
tions were used). The obtained absorbances were 

16 

1 4 

1 2 

06 I ' 

400 420 440 460 480 500 520 540 560 580 6~30 

Wavelength, nm 

Fig. 5. Absorption spectra of ( ) reaction mixture containing 
dibucaine. HCI (30 icg ml ‘) and (. .) blank in 
dichloroethane after one extractlon measured against pure 
dichloroethane. 

plotted as a function of quercetin concentration. 
The highest color intensity was obtained using 
quercetin in concentrations ranging from 0.15 to 
0.25% w,v (Fig. 2). Therefore 0.2% w/v 
quercetin solution was used for all subsequent 
work. 

In order to establish the optimal NBS con- 
centration, aqueous solutions of NBS ranging 
from 0.02550.2% w v were added to quercetin 
solution and the reaction was carried out as 
usual. In each experiment 1 ml of NBS solu- 
tion was used. Fig. 3 shows that 0.15% w/v 
NBS is the most suitable concentration for all 
the studied drugs. Concentrations greater than 
2 0.175% w:v showed a marked decrease in ab- 
sorption intensities, most probably due to the 
further oxidation of quercetin to other products 
[13]. 

Table 3 shows the effect of extraction with 
different organic solvents. The variations in the 
absorption intensity and wavelength of the ion- 
pairing complex from dibucaine HCl were 
taken as being representative of the studied 
drugs. It is clear from the Table that the highest 
extraction efficiency is obtained using 
dichlorethane as extraction solvent. In addition, 
two extractions only (2 min shaking time) were 
found to be sufficient to achieve quantitative re- 
covery of all the complexes in aqueous solution 
with good reproducibility and very small relative 
standard deviation ( <2%). Figs. 4 and 5 show 
the absorption spectra of both experiment and 
blank (aqueous and organic phases) after one 
extraction for dibucaine . HCl, in addition to the 
spectrum of the pure drug. 

Other solvents, such as methylene chloride 
and chloroform. can also be used. However, 
highly non-polar solvents such as carbon tetra- 
chloride have very poor extractive efficiency for 
these dyes. 



Table 4 

Interferences from some common prlmar) and srcondaq amine5 and related pharmaceutical compounds 

Compound Tested amount Dibucaine HCl (20 /rg ml ‘) 

(jr@ ml ‘r’ recovered” 

Methvlamine HCI 

Ethanolamine. HCI 

Morpholine 

Piprazine cltrate 

Aniline HCI 

Ri-Methylamhne 

Ethylenediamine HCI 

4minophyline 

Theophyline 

Antazoline 

Caffeine 

lsoprenaline 

Antipyrine 

Adrenaline bltartrate 

100 

100 

200 

100 

I 00 

100 

IO0 

I 00 

IO0 

50 

100 

50 

250 

50 

19.90 99.5 

lY.87 99.4 

lY.92 99.6 

20. ‘0 101.0 

19.82 99. I 

70. IO 100.5 

19.85 99.3 

1Y.M 99.2 

19.88 99.4 

19.136 99.8 

19.85 99.3 

19.88 99.4 

70.05 100.0 

19.91 99.6 

“Concentration in the final measured solution 

hAverage of four determinations. 

Table 5 

Determination of some tertlar! amine salts m commercial dosage forms usmg the proposed method and some reported methods” 

Product lngredlents Nominal 

content (mg) 

Found 

(“‘IS) 

Added 

(w) 

Recovery 

(‘X,) 

Reported method 

(‘Xl) 

Cosavil tablets Pheniramine maleate 

Antipyrine salicylatr 

Caffeine 

Avil tableta Pheniramine maleate 

.4vil injections Pheniramine maleate 

Procaine--adren- ProcaIne. HCI 

aline InJectiona Adrenaline bitartrate 

Toclase tablets Carbetapentane 

citrate 

I I .25 98.: i 0.8 I5 99.2 i 0.9 

250 

I5 per tablet 

75 tablet per 98.8 & 0.8 75 99.6 i 0.9 

45.5 2 ml per IO1 F I 50 lOOk I 

40 2 ml per 99 & I 40 99.5 + 0.9 99 + I’ 

0.04 per 2 ml I = 0.65”. F= I II? 

‘5 tablet per 99.5 i 0.8 75 99 2 I 99&Id 

I = 1.40. F= 2.63 

“ALerage I standard deviation of !i\e determinationa. 

“Theoretical values of r and F at the 95” I/ confidence limit are I = 1.306. F= 6.3’). 

‘Ref. [l5]. 

“Ref. [l6]. 

3.5. Effect of iimr 

The reaction between quercetin-NBS and ter- 
tiary amines or quaternary ammonium com- 
pounds is very rapid and the colored products can 
survive unchanged in aqueous solution before ex- 
traction for about 10 min without significant loss 

in intensity. However. at time > 10 min there may 
be a gradual decrease in the intensity of absorp- 
tion in some cases. 

Regarding the stability time of colored products 
after extraction with dichloroethane, it was noticed 
that absorbance was slightly increased in the first 
5 min and then remained stable for at least 1 h. 
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-HX 

Scheme I. Suggested mechanism for the Ihrmation of an ion-pax complex 

Primary and secondary amines do not interfere 
with the determinations (Table 4), but other ter- 
tiary amines and quaternary ammonium salts will 
interfere and thus require prior separation from 
each other if present in mixtures. 

The presence of traces of water in the organic 
solvent extracts may cause discrepancy in ab- 
sorbance measurements and subsequent variation 
in results and so they must be removed by filtra- 
tion over about 2 g of anhydrous sodium sul- 
phate. 

Regression analysis indicated excellent confor- 
mity with Beer’s law over the concentration 
ranges listed in Table I for each drug. Separate 
determinations at different concentration levels 
for each drug gave coefficients of variation not 
exceeding 2%. 

Some commercial dosage forms were success- 
fully analyzed by the proposed method and re- 
ported methods. Recovery experiments were 
performed for each drug in its dosage form. The 
results are listed in Table 5 which indicated that 
common additives and excipients, in addition to 
other UV-absorbing constituents present in some 
dosage forms such as antipyrine salicylate and 
caffeine in cosavil tablets. did not interfere with 
the determinations. The results were compared 

with those obtained from other reported methods 
and were found to be in good agreement. 

Depending on the nature of quercetin and pre- 
vious reports concerning its oxidation products 
[14] a suggestion for the reaction mechanism can 
be outlined (Scheme 1). Quercetin. being a 
flavonol. undergoes oxidation of the pyrocatechol 
moiety in ring B in the presence of mild oxidants 
to produce the highly colored o-quinone deriva- 
tive. Ionization of the hydroxyl group of ring C 
most probably becomes easier leading to anion 
formation. The anion then interacts with proto- 
nated tertiary amine or quaternary ammonium 
moieties to form the colored ion-pair complexes. 

4. Conclusion 

The proposed method is simple, rapid, free 
from interferences, and selective for tertiary amine 
and quaternary ammonium salts, especially those 
of very low absorptivity in the UV range. The use 
of oxidized quercetin as analytical reagent pro- 
vides a fairly higher extraction efficiency and sen- 
sitivity compared to other similar ion-pairing 
reagents. The method can be successfully used for 



the routine analysis of tertiary amine and quater- 
nary ammonium salts in pure forms and in differ- 
ent formulations. 
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Automatic determination of cobalt at the submicrogram per 
millilitre level using a flowthrough spectrophotometric sensor 

E. Vereda Alonso, J.M. Cano Pavon, A. Rios, M. Valcarcel * 

Abstract 

A flowthrough spectrophotometric sensor for the determination of cobalt at the nanogram per millilitre level using 
pyridoxal 4-phenylthiosemicarbazone as reagent and integrated preconcentration and detection in the flow cell is 
proposed. The method is highly selective for cobalt(I1); it features detection and determination limits of 0.02 and 0.06 
pg ml- ’ respectively, and a linear range of at least 0.04418 pg ml-‘. The method is subject to very few interferences 
because the strongly acidic medium used prevents the formation of most complexes of the reagent with other metal 
ions. The method was applied to the determination of cobalt in pharmaceutical preparations. 

Kq~z~rds: Cobalt; Flow injection; Flowthrough sensor: Pharmaceutical preparations: Spectrophotometry 

1. Introduction 

Several procedures for the flow-injection (FI) 
determination of cobalt, many of which use spec- 
trophotometric or chemiluminescence detection, 
have been reported in the last few years. The 
spectrophotometric technique has been used in 
methods where cobalt acts as a catalyst for the 
oxidation of various coloured substances [ 1 - 51. 
Differential kinetics have also been used for this 
purpose, particularly in the simultaneous determi- 

* Corresponding author. Tel.: (+ 34)57-?I-86-16: Fax: (+ 
34)54-2 I-86-06. 

nation of cobalt and nickel with salicylaldehyde 
thiosemicarbazone as reagent [6.7]. pH gradients 
have also been exploited for this purpose, in 
conjunction with 4-(2-pyridylazo) resorcinol [8]. 
However, the determination of cobalt usually in- 
volves gallic acid [9- 1 I] or luminol [ 12.131, which 
are oxidized by hydrogen peroxide in the presence 
of the metal. 

Both types of method are generally highly sen- 
sitive. with detection limits of a few nanograms or 
picograms per millilitre, which allows the determi- 
nation of cobalt in biological samples and drink- 
ing waters. However, they are subject to a number 
of interferences which call for prior separations 
that normally make them time-consuming and 
unreliable. 

0039-9140’96 $35.00 ;C: 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01980-7 
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Fig. 1. Flow configurations tested for the determination of Co(l1) with PPT: R,, R,. R,. reactors; V,, V,,. V,?. switching valves; 
V,. injection valve: W. waste: PDA. photodiode-array detector, 

Recently, a very selective method for the FI acidic medium, the method is not very sensitive 
spectrophotometric determination of cobalt was [ 141. In this work, we improved its sensitivity and 
developed. Based on the formation of a highly selectivity by using a flow manifold integrating 
stable complex between cobalt and pyridoxal 4- preconcentration and detection in a sorbent mate- 
phenyl-3-thiosemicarbazone (PPT) in a strongly rial packed in a flow cell for the determination of 
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Table 1 
Optimum valuez. of FI variables 

Sample flw rate (ml min ‘) 
Reagent flow rate (ml min ‘) 
3 M HClO, flon rate (ml min ‘) 
Eluent flow rate (ml min- ‘) 
Length of reactor R, (cm) 
Length of reactor R, (cm) 
Length of reactor R, (cm) 
InjectIon loop volume (ml) 

cobalt. This modified method provides better se- 
lectivity and sensitivity, with detection and deter- 
mination limits of 0.02 and 0.06 ,~cg ml ’ 
respectively. The method relies on the recently 
developed flowthrough sensor technology [ 15.161 
by which retention and detection are integrated in 
a Fl system [17.18]. In this case, successive pas- 
sage of the complex (previously formed in the 
flowing stream) and eluent through the flow cell 
and continuous photometric monitoring of the 
process provides the analytical information 
needed to determine the cobalt. The proposed 
method was used for the automatic on-line deter- 
mination of this ion in vitamins contained in 
pharmaceutical preparations (it is present in the 
essential vitamin B,,) [19]. This vitamin takes part 
in a wide variety of metabolic processes involving 
factors that affect growth, homopoiesis and 
preservation of the intergrity of nerve cells. 

2. Experimental 

2.1, Rrugm fs 

All chemicals were of at least analytical-reagent 
grade, and bidistilled. deionized water was used 
throughout. 

A stock solution of Co(II) was prepared from 
the nitrate (Merck P.A.) and standardized com- 
plexometrically. Standards of working strength 
were made by appropriate dilution as required. 

A 0.05% solution of PPT was prepared by 
dissolving 0.05 g of the reagent in 30 ml of 
N,N-dimethylformamide (DMF) and diluting to 
100 ml with water. The reagent was synthesized 
according to a procedure described elsewhere [20]. 

0.6 
0.4 
0.6 
Cl.6 
116 (0.5 mm i.d.) 
150 IO.5 mm i.d.) 
35 (0.5 mm i.d.) 
2.4 (in order to ensure approximately 30 s of constant absorbance before elution) 

- 

A 30% solution of perchloric acid in DMF-wa- 
ter (3: 10, v’v) was used as eluent. 

A 3 M perchloric acid solution was also used. 
C,, in a Sep-Pak cartridge (Waters, Millipore 

Division), which demonstrated its resistance to 
the eluent, was used for retention-detection of 
cobalt in the flow cell. 

A Hewlett-Packard 8452A diode-array detector 
interfaced to a Vectra ES:12 computer which 
delivered results through an HP Think-Jet printer 
was used. The flow manifold consisted of a Gilson 
Minipuls-3 peristaltic pump, a Rheodyne Type 50 
six-port rotary valve and a Hellma OS 0.200 flow 
cell. 

Three different configurations were tested (Fig. 
1). In the first configuration. the reagent was 
merged with 3 M HClO, to prevent the formation 
of complexes of other cations along reactor R,; in 
this way. the reagent was retained first on the 
sorbent material (preconcentration step). When a 
preset volume of reagent had passed through the 
flow cell, V,, was switched in order to introduce 
the sample. In this way, the reaction took place in 
the flow cell (reaction step) and the detector con- 
tinuously monitored the absorbance increase (de- 
tection step). After the reaction was complete, V,, 
was switched, thereby allowing the reaction 
product to be eluted from the sorbent material, 
which was thus made ready for a new sample. 

In the second configuration, the sample was 
merged with the reagent along reactor R, and the 



complex formed was merged with 3 M HClO, 
along reactor R,, where a strongly acidic medium 
destroyed the complexes of other metal ions. The 
cobalt complex was retained on the sorbent mate- 
rial packed in the flow cell (preconcentration step) 
and the detector continuously monitored the sig- 
nal increase up to a constant value. As the injec- 
tion valve V, was switched to the “inject” 
position, the eluent passed through the flow cell to 
remove the retained complex and make the sor- 
bent material ready for a new sample. 

The third configuration was similar to the pre- 
vious one but the sample was used to fill the 
injection loop instead of being continuously circu- 
lated as the carrier, thus reducing sample con- 
sumption. 

3. Results and discussion 

Cobalt forms a yellow 1:2 complex with PPT 
(L=430 nm, E= 1.35 x lo4 1 mol-’ cm ‘). The 
complex is stable in perchloric acid up to a con- 
centration of 1.2 mol 1 (12”%) [14], conditions 
under which most of the complexes of PPT with 
other cations are not formed. This reaction can be 
carried out with the reagent or complex retained 
on a sorbent material. Thus in preliminary assays 
several sorbent materials were tested in order to 
find the most appropriate for this purpose. In an 
acid medium, the cobalt complex is in cationic 
form, so cationic exchange resins (Dowex, Am- 
berlita, SP-Sephadex) were assayed: however. nei- 
ther the reagent nor the complex was retained. 
Other sorbent materials, such as aluminium oxide, 
silicagel and C,,, were tested. but only the latter 
effectively retained both the reagent and the com- 
plex. The maximum absorption wavelength of the 
cobalttPPT complex retained on C,, was 276 nm. 

Of the buffered eluents tested. 30’%1 perchloric 
acid in DMF-water proved to be the most effi- 
cient for removing the complex from the C, X 
without damaging it. 

The next task was to select the most advanta- 
geous manifold among those shown in Fig. 1. The 
manifold depicted in Fig. la provided a poor 
response because the reagent was packed onto C,, 
phase before the passing of the sample. causing 

the saturation of the C,, phase. so that subse- 
quent passage of the sample through the sensor 
did not give a sensitive enough signal. The mani- 
folds of Figs. lb and lc provided appropriate 
responses so that complex formed was passing 
directly through the sensor and the difference 
between blank and complex signals was better 
than the response provided by manifold la. Com- 
paring manifolds 1 b and lc, the former was ap- 
proximately 10 times more sensitive than the 
latter and so configuration lb was finally selected. 

The optimum reagent concentration was found 
to be 0.05% in DMF-water (3110, v/v). The 
amount of DMF used was the minimum ensuring 
complete dissolution of the reagent, and DMF 
was also used in the eluent which also served as 
the carrier. in order to maximize peak height and 
ensure complete elution of the complex. 

Based on the influence of the concentration of 
perchloric acid on the complex formation, 3 mol 
1 ’ was found to be the optimum concentration 
as it produced the lowest standard deviation even 
though the peak height was somewhat greater 
with 1.5 mol 1 ’ perchloric acid. Obviously, once 
the different streams have merged. the acid con- 
centration in the reaction plug will have been 
decreased by dilution. 

The influence of the FI variables (stream flow 

rates. reactor lengths and injection volume) was 
studied and the optimum values found are sum- 
marized in Table 1. 

Scans were performed in the kinetic mode at 
276 nm for 150 s, in cycles of 2 s with an 

Seconds 

Fig. 2. FI peaks yielded by (A) blank. (B) 200, (C) 500 and 
(D) 800 ng ml '. 



Table 2 

Analytical figures of merit for the drtermlnation of cobalt b! the proposed method 

Linear range Calibration 

(jig ml ‘1 equatmn” 

0.04 I .I = I.25 x IO ‘\ +0.554 

I 18 , = 7.80 x IO <\ 4 0.663 

“J. Absorbance: \. cobalt concentration (/lg ml ‘). 

Table 3 

Determination of cobalt in se\erA \)nthetic samples using the 

proposed method 

Sample Concentration added Concentration found 

N 0 (j/g ml - ’ I * standard deviation 

ljrg ml ‘) (II = 3) 
- 

I 0 081) 0 ON = 0.001 

? 0.X 0 I9 & 0.07 

3 0.50 0.56 & 0.05 

4 I 00 0.96 2 0 07 

5 2.0 2.7 = 0. I 

6 5.0 5. I IO.5 

integrating time of 1.5 s. The maximum signal 
measured corresponded to the time at which the 
analyte started to be eluted. Fig. 2 shows typical 
recordings obtained and the point for analytical 
measurements (marked with arrowheads). Under 
these final experimental conditions, a sampling 
rate of I5 samples h ’ was reached. 

In order to establish the optimal range for the 
determination of cobalt by the proposed method, 
several standard solutions of cobalt(I1) were ina- 
jetted into the flow system under the optimum 
experimental conditions. From the data ob- 
tained, two linear calibration curves were ob- 
tained from 0.0441 jig ml ’ and from 1 18 ,~lg 
ml ’ cobalt (Table 2). 

The detection and determination limits. 
defined as the concentrations of analyte giving 
signals equivalent to three and ten times respec- 
tively the standard deviation of the blank plus 
the net blank intensity. were calculated to be 
0.02 and 0.06 j/g ml ’ respectively. 

Various synthetic samples were readily resolved 
using pertinent calibration graphs (Table 3). 

Regrrsswn 

coefticlenr 

0.994 

0.994 
- 

RSD (” 8’) (II = IO) 

(concentration. jig ml ‘1 

+ 3.7 (0.2) 

* 3.6 (7.0) 

The effect of various ions on the determina- 
tion of cobalt by the proposed method was ex- 
amined under the optimum working conditions. 
For this purpose, variable amounts of the ionic 
species tested were added to a 0.2 j/g ml ’ solu- 
tion of Co(I1) up to a maximum interfer- 
ent:cobalt ratio of 225:l M,!M; if any compound 
was found to interfere. the ratio was gradually 
lowered until the interference disappeared. The 
tolerated limits, defined as the interferent con- 
centration (,~lg ml ‘) resulting in a deviation of 
less than *5”!% in the analytical response, are 
shown in Table 4. 

In a reaction flask 0.5- 2 ml of vitamin am- 
poules and 3-6 ml of concentrated nitric acid 
were placed, and the mixture was refluxed until 
a colorless or pale yellow solution was obtained. 
Then. 0.5 1 ml of hydrogen peroxide was added 
and the mixture evaporated to a small volume 
by heating on a hot-plate to remove nitric acid. 
Next, the mixture was adjusted to pH 2 with 
NaOH solution and diluted to an appropriate 
vrolume (100 ml). Aliquots (IO-20 ml) of this 
solution were determined using the recom- 
mended procedure. The standard-addition 
method was used and the results were obtained 
by extrapolation. Such results are given in Table 
5 as the averages of three separate determina- 
tions. As can be seen, the cobalt concentrations 
determined by the proposed method are quite 
consistent with the specified values. 
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Influence of foreign <pecirs on the determinatton of cohalttll) by the proposed method 

Foreign species Tolerated ratio 

(M My’ 

Pb(ll). Ba(ll), Ca(Il). Be(l1). Ll(l). Sr(II). Na(l). K(I). Zr(lVl. 

U(VI). W(VIl. Ag(l). Fe(I1). thiosulphate, sulphate. bromide, 

thiocyanate. oxalate. iodide. chloride. tartrate 

Bi(lI1). Tl(1). tetraborate 

Ni(I1). Cd(Il). Zn(I1). Mn(I1). Hg(I). Cr(II1). Sh(IIl). phosphate. 

nitrite, arsenate. citrate 

V(V). Mo(VI). arsenite 

Hg(IIl. .41(111). Cu(I1). Fe(II1) 

> 73 

150 

100 

50 

25 

” Maximum concentration tolerated for the interferent wth rcapect to the dnalyte (118 ml ’ in each case) 

Table 5 

Determination of cobalt in vitamin B,, 

Sample 

Nerlohion .‘5000”~ 

B,: Latmo depoth 

Neuromade’ 

OptoLitc” 

Neurodavur plus’ 

Co content stated 

(pg ml ‘) 
______ 

0.21 

0.22 

0.22 

0.3.’ 

0.34 

Co added 

t//f ml ‘) 

0.3 

0.6 

0.3 

0.6 

0.7 

0.6 

0. 3 

0.6 

0.3 

0.6 

co found 

(pg ml ‘) 

0.23 & 0.03 

0.53 

0.86 

0. I9 & 0.0 I 

0.5 

0.78 

0.217 1 0.006 

0.513 

0.826 

0.35 = 0.03 

0.7 

0 92 

0 34 * 0.02 

0.62 

0.97 

I’ ’ Composition of the pharmaceutical preparattons: 

,’ Nervobion “5000” (Merck). Vitamm B,, ( cyanocabalamin). equivalent to 0.2174 mg of cobalt. cocarhoxylase (100 mg). 

pyridoxal-5-phosphate (100 mg), excipient (lidocaine) up to 2 ml. 

h B,? Latin0 depot (Syntex Latino. S.A.). Vitamin B ,: (cyanocobalamin). eqtuvalent to 0.04348 mg of cobalt. excipient up to 1 ml. 

j Neuromade fuerte (Knoll). Vitamin B,, (cyanocobalamin). equivalent to 0.7174 mg of cobalt. pyrldoxine CLH (100 mg), thiamine 

CLH (100 mg). lidocaine (6 mg). rxcipient up to 3 ml. 

J Optovite B,? (Normon. S.A.). Vitamin B,: (cyanocobalamln). equivalent to 0.04348 mg of cobalt, exciplent up to 2 ml. 

’ Neurodavur plus (Belmac. S.A.1. Vitamm B,? (hydroxycohalamin). equivalent to 0.2098 mg of cobalt. thiamine. WC1 (50 mg), 

pyridoxine HCI (50 mg). dexamethasone phosphate sodium t I .6 mg). lidocame HCI (12.5 mg). excipient up to 2.5 ml. 

4. Conclusions 

Automatic methods based on flowthrough sen- 
sors offer interesting assets such as simplicity, 
rapidity, low cost and flexibility. The proposed 

method exhibits selectivity (iron being the main 
interference, at a 25fold level with respect to 
cobalt) and high sensitivity, with a detection limit 
of 0.02 ,~g ml- ‘. It is more selective and simple 
than other continuous FI spectrophotometric 



methods, because it requires neither separation 
nor masking of foreign species. The proposed 
method was successfully applied to the 
determination of cobalt in vitamins. 
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Abstract 

A novel method for the rapid dissolution of fused silicates in mineral acid is described. Fusion with 2.5 g of a 
KBO:-K,CO, (3:2, w w) mixture in a platinum crucible at 1000°C will decompose 0.1 g of silicate samples such as 
basalt rock, glass sand and powdered glass in IO min, and the cooled fusion cakes can be completely dissolved by 20 
ml of 3 N mineral acids such as hydrochloric, nitric and sulfuric acids in less than 1 min at about 50°C. Fusion with 
5.0 g of a KBO?-K&O, (3:2. w’w) mixture can completely decompose 0.1 g of chrome refractory in 20 min and the 
cooled melt can be dissolved by 80 ml of 3 N hydrochloric or sulfuric acids in less than 30 s. 

Kr~~ti.\: Decomposition: Dissolution: Potassium carbonate: Potassium metaborate: Silicates 

1. Introduction 

The rapid preparation of silicate samples is very 
important for automatic and routine analysis of a 
large number of samples. Therefore, the rapidity 
of wet analyses of silicate samples such as rocks. 
sediments. soils, glasses, minerals, ores. refracto- 
ries and silicon semiconductor materials can be 
enhanced by the use of fast and efficient methods 
of decomposition and(or dissolution. Two ap- 
proaches are taken to this problem [l-3]: (i) 
fusion with one of. or various combinations of, 
boric acid, alkali metal carbonate. alkali metal 
borate, sodium hydroxide, sodium peroxide and 

* Corresponding author. Fax: + 81 477 51 7337. 

potassium superoxide; or (ii) wet decomposition 
writh mixtures of hydrofluoric acid and various 
mineral acids. Powerful techniques for fusion de- 
composition of silicate samples have been estab- 
lished using boric acid-lithium carbonate [4-61, 
alkali metal metaborate [7], alkali metal tetrabo- 
rate [S], alkali metal tetraborate-alkali metal car- 
bonate [9,10] or other borate binary mixed flux 
systems. However. the use of these borate fusion 
fluxes is restricted within narrow limits because 
the dissolution time of the cooled fusion cakes is 
most frequently long, i.e. a few minutes to a few 
tens of minutes, at room temperature. Long-term 
storage and treatment of sodium peroxide [26] or 
potassium superoxide [27] is not easy. Wet meth- 
ods use many acid binary mixed systems such as 

0039-9140 96 515.00 c 1996 Else\ier Science B.V. All rights reserved 
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hydrofluoric -hydrochloric [I I], nitric [12]. 
perchloric [13,14], sulfuric acids [ 151 or hy- 
drofluoric- aqua regia [ 16 191 and others [20 -221. 
but the acid systems often require a long time for 
complete decomposition of silicate samples. The 
decomposition times of the acid systems varied 
from a few tens of minutes in some instances to as 
much as a few hours. Moreover, high presences 
are required for dissolving refractory minerals 
such as zircon. Yoshikuni [23] reported a fusion 
method for decomposition and faster dissolution 
of silicate samples such as bauxite, ilmenite. mag- 
netite, quartz and zircon sand. 

From a literature survey, it is clear that no 
attempts have been made to use the potassium 
metaborate potassium carbonate binary mixed 
system in the decomposition of silicate samples. 
This paper presents the easy decomposition of 
silicate samples using a potassium metaborate 
potassium carbonate (3:2, w w) mixed flux and 
the rapid dissolution, in less than 1 min. of the 
cooled fusion cake with a mineral acid such as 
hydrochloric. nitric or sulfuric acid at about 50°C. 
2.5 g of a mixed flux of potassium metaborate 
potassium carbonate (3:2, w.w) can fuse 100 g of 
silicate samples such as basalt rock. glass sand or 
powdered glass in a platinum crucible at about 
1000°C in only IO min. 

2. Experimental 

A Hitachi U-3210 spectrophotometer was used. 

All reagents used were of analytical grade and 
distilled deionized water was used throughout. 
Potassium carbonate anhydrous. iron(III) sulfate 
n-hydrate and hydrogen peroxide (30%) were 
from Wako Pure Chemical Co. (Tokyo. Japan). 
Lithium metaborate anhydrous and I.5di- 
phenylcarbazide were from Merck. Potassium 
metaborate anhydrous and sodium metaborate 
tetrahydrate were of the highest purity available 
from Kanto Chemical Co. Inc. Sodium metabo- 

rate anhydrous was prepared by heating the te- 
trahydrate for 1 h in a platinum dish on a 
hot-plate. EDTA-2Na and Arsenazo III were 
from Dojindo Laboratories (Kumamoto. Japan). 

Fe(III) solution was prepared by dissolving 
iron(III) sulfate n-hydrate in 1 N sulfuric acid to 
form a solution with a concentration of 10 mg 
ml ’ Fe with respect to EDTA. 

Chromium (Cr = 1.007 mg ml ‘) and zirco- 
nium (Zr = 0.995 mg ml ‘) standard solutions for 
atomic absorption spectrometry were from 
Merck. 

An accurately weighed (100 mg) silicate sample 
such as basalt rock, glass sand or powdered glass 
is placed in a platinum crucible and mixed with a 
binary flux of KBO,-K&O, (1.5 g/1.0 g). The 
mixture is fused by heating strongly for 10 min in 
a muffle furnace at about 1000°C with a Bunsen 
burner to yield a clear melt. After a few minutes, 
the melt is rapidly (about 1 min) dissolved in 20 
ml of 3 M hydrochloric or 3 N sulfuric acid at 
about 50°C with magnetic stirring. The sample 
solution is diluted to 50 ml with 3 N sulfuric acid 
or 3 M hydrochloric acid in a standard flask and 
chromium and zirconium in the total volume of, 
or an aliquot of. the sample solution are deter- 
mined by a spectrophotometric method using 1,5- 
diphenylcarbazide or Arsenazo 111. 

The sample (100 mg. accurately weighed) of 
chrome refractory is placed in a platinum crucible 
and mixed with a binary flux of KBOzpK,C03 (3 
g 2 g). The mixture is fused by heating strongly 
for about 20 min in a muffle furnace with the 
burner to yield a clear melt. After cooling the 
melt, the platinum crucible is inserted into a 100 
ml tall beaker and about 80 ml of 3 N sulfuric 
acid is added to the beaker. The cooled fusion 



cake can be rapidly dissolved with magnetic stir- 
ring at about 50°C. The sample soution is diluted 
to 100 ml with 3 N sulfuric acid in a standard 
flask. After further dilution, chromium in the 
aliquot is determined by spectrophotometry. 

2.6. Drtemlination of’ dwon~itrt~~ 1241 

Add about 3 ml of iron solution (Fe = 10 mg 
ml ‘) and 1.0 ml of 30% hydrogen peroxide to a 
sample solution containing 3- 10 pg of chromium 
in a 100 ml beaker. The pH of the solution is then 
adjusted from 13.0 to 13.5 with 8 M sodium 
hydroxide solution and the beaker, after covering 
with a watch glass, is heated to boiling for IO min 
on a hot-plate. The solution is filtered with a No. 
5A filter paper and the pH of the filtrate solution 
is adjusted to 1.0 with sulfuric acid (1: 1). Add 2 
ml of 1.5-diphenylcarbazide (1% in acetone- wa- 
ter, 1: 1) to the solution and dilute to 50 ml with 
0.05 N sulfuric acid in a standard flask. After 5 
min. measure the absorbance at 540 nm versus a 
blank. 

Transfer an aliquot (5.0 ml) of the sample 
solution to a 25 ml standard flask and add 1 ml of 
1% Arsenazo III aqueous solution to the flask. 
Dilute to the mark and adjust to 9 M hydrochlo- 
ric acid using concentrated hydrochloric acid and 
water. Measure the absorbance at 665 nm versus 
a blank. 

3. Results and discussion 

A binary flux (2.5 g) of potassium metaborate- 
potassium carbonate (3:2. w w) mixture can fuse 
0.1 g of basalt rock, glass sand or powdered glass 
samples by heating strongly for 10 min in a muffle 
furnace at about 1000°C in a platinum crucible. 
After cooling to room temperature, the melt is 
rapidly dissolved in 20 ml of 3 M hydrochloric 
acid as well as nitric and sulfuric acids within a 
few tens of seconds (Table 1) because the glassy 
fusion cakes are full of cracks after cooling the 
material to a solid state. in contrast to the fusion 

flux of lithium metaborateelithium carbonate 
mixture. In addition, this dissolution mechanism 
is an exothermic reaction. Silicate samples with a 
large Cr,O, content such as chrome refractory 
( 100 mg) cannot be completely decomposed with 
2.5 g of KBO, -K,CO, (3:2, w/w) in binary mixed 
fusion for 30 min. 100 mg of the chrome refrac- 
tory can be completely decomposed with 5.0 g of 
KBO, K,CO, (3:2, w/w) in fusion for 20 min, 
and the cooled fusion cake can be dissolved in less 
than 60 s with 80 ml of 3 N sufluric or 3 M 
hydrochloric acid (Table 2). The decomposition of 
silicate samples with a fusion flux such as Li,CO,. 
Na,CO?, K,CO,, CaCO,, Li2B,0,. Li,B,O,- 
LiBO,, Li&QP L&B,O,, Na,CO, Na2B,0, or 
K,CQPK,B,O, systems is an excellent method 
but chrome refractory cannot be completely de- 
composed. Using a binary flux of KBO,-K2C0, 
mixture. the dissolution of the mixture at a 3:2 
ratio is faster than at a 2:l ratio with 3 M 
hydrochloric acid. Therefore, the composition of 
the KBO,-K&O, fusion system is very impor- 
tant for rapid dissolution with mineral acid at 
room temperature. With a 3:2(w!w)MB02- 
M,CO, mixture, the speed of dissolution of the 
cooled cakes with mineral acid increases as fol- 

lows: 

KBO, ~ K,CO, > NaBO? - Na,CO, 

>> LiBOz - Li,CO, 

NaBO, H,O cannot be used because the monohy- 
drate flux bubbles on heating. 

100 mg of glass sand can be easily decomposed 
with a fusion of KBOzPK2C0, 3:2 w/w (2.5 g), 
and the cooled fusion cake can be rapidly dis- 
solved with 3 M hydrochloric acid. Before the 
determination of zirconium. the sample solution 
was diluted several times and therefore the borate 
matrix did not interfere. The recovery of zirco- 
nium is quantitative (Table 2). After decomposi- 
tion and dissolution of silicate samples such as 
basalt rock. chrome refractory, glass sand or pow- 
dered glass, 1 ml of 30% hydrogen peroxide is 
added to an aliquot of the sample solution which 
is adjusted to pH 13.OG13.5 with sodium hydrox- 
ide solution. At pH 13.0-13.5 in the sample solu- 
tion. silica and borate are precipitated as a 
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Table I 
Dissolution times and temperatures of various samples for fusion \\ith 2.5 g of KBO, K&YO, 3:2 w:w mixtures’ 

Sample 

No sample 
(flux only) 

Quartz 
(100 mg polvder) 

Basalt rock 

(100 mg) 

Chrome 
refractor\ 
(50 mg) 

Glass band 
( 100 mg powder) 

Special glass 3 N H,SO, 1.32 21 

(100 mg powder) 3 N H;SO, 0.22 52 65 

3 hl HCI 1.38 18 
3 M HCI 0.48 41 53 

j’ Decomposltlon time: IO min for all samples.” Samples: Basalt rock SRM 688. chrome refractory SRM 103a and glass sand SRM 
8la were from NIST (Gaithersburg. MD ). Quartz and special glass were from Abahi Glass Co (Tokyo. Japan). 

Dissolution 
media (20 ml) 

3 N H,SO, 
3 M HCI 
3 M HNO, 

Dissolution 
time (min s) 

____ - 

0.32 
0.48 

1.08 

Temperature (“C) 

Before 
dissolution 

21 
I9 
‘I 

After 
dissolution 

39 
38 

38 

3 N H,SO, I.28 19 

3 N H,SO, 0.29 44 58 

3 hl HCI I .43 18 
3 M HCI 0.34 50 59 

3 M HNO, 2 15 21 
3 M HNO, 0 27 51 65 

3 N H,SO, 
3 h H,SO, 
3 h H,SO, 
-3 hl HCI 
-3 M HCI 

1.57 21 

0.54 49 60 

0.37 50 63 

I.55 I8 
0.44 so 59 

3 N H>SO, 
3 N H;SO, 
3 M HCI 
3 M HC‘I 

1.30 21 
0.35 52 64 

I.35 19 
0.45 51 65 

3 N H,SO, 
3 N H,SO, 
3 M HCI 
3 M HCI 

I.77 ‘I 
0.20 38 65 

I.38 I9 
0.35 48 64 

transparent gel containing adsorbed chromium 
ion, and hence chromium cannot be measured in 
the filtrate. With the addition of 30 mg of 
iron(II1) ion to an aliquot of the sample solution, 
the adsorption sites of the transparent gel can be 
completely saturated and the chromium can be 
quantitatively recovered in the filtrate. Chromium 
in an aliquot of the sample solution can be easily 
oxidized in alkaline solution (pH 13) and excess 
hydrogen peroxide can be completely decomposed 
with a catalyst of iron(lI1) ion on a hot-plate. At 

such elevated flux/sample ratios. problems from 
blanks might arise, but the interference of borate 
matrix in the determination of chromium was not 
examined. Before the determination of chromium, 
a large portion of the borate matrix was removed 
with the previously mentioned method of precipi- 
tationfiltration and then the borate matrix did 
not interfere. The values for chromium in samples 
of basalt rock, chrome refractory and glass sand 
determined with this procedure were in good 
agreement with the certified values (Table 2). 



Table 2 

Determination of chromium and ztrconium m standard silicate samples, 

Samples 

(Certified kaluest 

Found Found Decomposition Dissolution time (s) 

___- time (min) (dissolution media) 

Cr Recovery (” ,I) Zr Recover\ (” ,,) 

(jig g ‘1 (jig &?-‘I 

NIST SRM 688 

Basalt rock 

(Cr = 332 jcg g ‘1 

329 99.1 (/i=6) IO 40& 10 (3N HSO,. 20 ml) 

(RSD = 2.40%) 

NIST SRM l03a 

Chrome refractor) 2.21 * IO’ IOO.9 111 = 71 

(Cr = 2. I9 x IO’ ,cg g ’ ) (RSD=2 13’%) 

20 30 k 5 (?N H,SO,, 80 ml) 

NIST SRM Xla 

Glass sand X1.6 97.1 (/1=6) 257 102.8 (II = 6) 10 40 i IO (3N H,SO,, 20 ml)h 

(Cr=31.5 jog g ‘. (RSD=S.WL) (KSD=Y.28’%, 35 i: IO (3M HCI. 20 rnlr 

Zr=250*60 jig g ‘I 

,’ Samples taken = ( lOO+ 15) mg. RSD: relative standard devtation. Fusion flux: KBO,- K?CO, (I .5 g I .O g) for basalt rock and glass 

sand: KBO, K,CO, (3.0 g 2.0 g) for chrome refractory. Recovery: (determined value certified value) x 100. 

’ For the determination of chromtum. 

’ For the determmation of zirconium. 

3. I. ApplicxttiorI 4. Conclusions 

Chromium in a powdered sample of a special 
glass plate from the Asahi Glass Company was 
spectrophotometrically determined with 15 
diphenylcarbazide after decomposition and disso- 
lution according to the above-mentioned 
procedures. The determined values of chromium 
in the glass plate samples were satisfactory with 
respect to the recommended values (Table 3). 

The author has demonstrated a rapid dissolu- 
tion method for the cooled cake of fused silicate 
samples such as basalt rock, glass sand, powdered 
glass and chrome refractory using potassium 
metaborateepotassium carbonate (KB02 - 
KCO, = 3:2, w/w) binary mixed fusion flux and 
mineral acid dissolution systems at room tempera- 
ture. The cooled cake can be instantaneously dis- 

Table 3 

Determmatton of chromium in ‘t spectal glass from Asah Glass Co. (Tokyo. Japan),’ 

Samples taken 

(w 

Found 

C’r (jig g ‘1 

Decomposition 

-_____~ t(me (mtn) 

Recover) (” ,) 

Dissolution time 

(s) (medta) 

ll3,l-l I YO 

95.53 221 

101.53 209 

101.65 1x9 

104.25 203 

116.31 205 

Average 203 (RSD = 5.9%#) 

97.6 IO 35 (3 N H,SO, 20 ml) 

108.8 IO 40 (3 N H,SO, 20 ml) 

102.9 I 0 35 (3 N H,SO, 20 ml) 

9:. I IO 50 (3 N H,SO, 20 ml) 

100.5 IO 40 (3 N H,SO, 20 ml) 

IO1 0 Ii 30 (6 N H,SO, 20 ml) 

I’ RSD: relative standard devtatton. Fuston flux: KBO,- K,CO, (I .5 g I .O g). Recovery = [determined value recommended value] x 

100. 
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solved with mineral acids such as 3--6 M hq- 
drochloric acid and others because the dissolution 
is exothermic. 
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Adsorption behaviour of metal ions on hydroximate resins 

Abstract 

Some new chelating ion-exchange resins containing a hydroxamic acid moiety attached to a divinylbenzene styrene 
(DVBS) copolymer. i.e. glycine hydroximate in DVBS (GH-DVBS). anthranilic acid hydroximate in DVBS (AAH- 
DVBS). malonic acid dihydroximate in DVBS (MAH-DVBS) and iminodiacetic acid dihydroximate in DVBS 
(IDAAH-DVBS). have been synthesized and their various physicochemical characteristics studied. The degree of 
retention of metal ions by the resins at equilibrium has been determined in terms of the molar distribution coefficient 
(K,). In general. the resins having a dihydroximate moiety are found to be more efficient compared to monohydrox- 
imate resins. However, it is of interest to note that the monohydroximate derivative of amino acid (GH-DVBS) 
showed better metal retention capability than the dihydroximate of carboxylic acid (MAH-DVBS). The selectivity of 
the resins for transition and highly charged metal ions is quite high compared to that for alkaline earth metals. All 
the synthesized resins can be utilized for the separation of a mixture of metal ions because the differences in the 
distribution coefficient values are large enough to permit good separations on columns. However. the GH-DVBS resin 
was tried for the separation of copper cobalt and copper mckel mixtures at pH 5.5 using the column mode of 
operation. 

KcJ~w~~.\: Adsorption: Hydroximate resins: Metal ions 

1. Introduction 

Chelating ion-exchange resins having specific 
chelating groups attached to a polymer have 
found extensive use in the separation and concen- 
tration of metal ions [l-4], as floataids, depres- 
sants, flocculants and collectors. and in the 
extraction and concentration of metals from sea 
water [5.6]. An important feature of the chelating 

ion exchangers is the greater selectivity which they 
offer compared to conventional types of ion ex- 
changers. 

Chelex-I00 is the most widely-used functional- 
ized polymer for the preconcentration and separa- 
tion of rare earth and heavy metals [7]. However, 
one of the disadvantages of this resin is that its 
affinity for alkaline earth metals is almost the 
same as that for zinc or other transition metal 
ions [8]. Therefore, there is a need to develop 
those functionalized polymers which show better 

* Corresponding author. 
affinity for transition metal ions as compared to 
alkali and alkaline earth metals. 



With the aim of synthesizing selective ion-ex- 
change resins which require no preconcentration 
of the samples, do not form stable complexes with 
alkaline earth metals and are useful in mineral 
processing industries, we have synthesized chelat- 
ing resins containing hydroximates of carboxylic 
and amino carboxylic acids. 

The choice of hydroxamic acids is based on 
their extensive use as collectors for various miner- 
als containing Sn, Fe, W, Cu, La, Ce. Nb, and Y 
metal ions [9]. Hydroxamic acids have found a 
variety of commercial applications in mineral pro- 
cessing in the former Soviet Union [IO] under the 
trade name IM-50. Various studies have been 
made with hydroximate collectors in the floata- 
tion of haematite [l 11, pyrolusite [ 121, cassiterite 
[l3], chrysocolla and rare earth bastnaesite ores 
[ 141. However, little work is reported on chelating 
resins incorporating hydroxamic acid as a func- 
tional group. Cellulose hydroximate was prepared 
by Maekawa et al. [15] and was selective for 
copper. iron, cobalt and nickel. Malonic acid 
dihydroximate in divinylbenzene styrene (DVBS) 
was reported [16] for the recovery of U(VI) from 
sea water. However, no reports are available for 
the separation of other metal ions on this resin. 

2. Experimental 

Chelex-100 was procured from John Baker Inc. 
(Colorado. USA), Chloromethylated DVBS with 
4(/o cross linking was procured from Thermax Pvt. 
Ltd. Other chemicals used were of analytical 
grade. 

2.1. I. Synthesis of’ gl,.cine hydro.uima te in D VBS 
Glycine hydroximate was synthesized in two 

steps as shown in Scheme 1. 

2.1.1.1. Incorporrrtion of’ gl),cine ester in D VBS. 
The chloromethylated DVB styrene beads (0.028 
mol) were soaked in DMF overnight to allow 
swelling to occur. Glycine methyl ester (0.14 mol) 
was taken in DMF, heated for 10 min and then 
transferred to the flask containing swollen DVBS 

beads. The reaction mixture was refluxed for 6 h. 
The product thus formed was filtered, washed 
with 80% aqueous methanol containing a few 
drops of nitric acid and dried in vacuum. 

2. I. 1.2. Prepctrution of glycine hydroximate in 
DC’BS. A methanolic solution of hydroxylamine 
hydrochloride (0.14 mol) was added to the previ- 
ously filtered beads of glycine ester in DVBS. The 
reaction mixture was refluxed for 4 h. It was then 
cooled and freshly prepared sodium ethylate solu- 
tion was added to it to adjust the pH to 9.2-9.3. 
The reaction mixture was refluxed again for 5 h. 
The product formed was filtered and treated suc- 
cessively with 0.1 N HCl, 0.1 N NaOH and 0.1 N 
HCl. Finally, it was washed with absolute alcohol 
and dried in vacuum. 

21.2. S>snthesis of’ unthrunilic acid hydroximate 
und mulonic aid dihydroximutr in D VBS 

Anthranilic acid hydroximate in DVBS was 
synthesised following a similar procedure to that 
employed for the synthesis of glycine hydroximate 
in DVBS by taking methyl anthranilate in place 
of glycine methylester (Scheme 2). 

@+ ctt*cl + MN2 CIQ COOCH) 

(xJ-@-ctl*-t4”- ctll --CONHOt, 

Scheme I. Synthesis of glycine hydroximate in DVBS. 
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Scheme 2. Synthesis of anthranilic acid hydroximate in DVBS. 

Malonic acid dihydroximate in DVBS was pre- 
pared by the reported method [17] as shown in 
Scheme 3. 

21.3. Synthrsis of‘ iminodicmtic. uc~id 
dil~ydroximutr in D VBS 

Iminodiacetic acid dihydroximate was prepared 
from Chelex-100, an iminodiacetic acid derivative 
of DVBS, as shown in Scheme 4. 

2.1.3.1. SJwhesis oj’ the rstrr of’ Chrkx-100. 
Chelex-100 (0.05 mol) was taken in methanol in a 
round-bottomed flask and dry HCl gas was 
passed through it until saturation was complete. 
The reaction mixture was refluxed for 3 h. The 
dimethylester of Chelex-100 was thus formed. 

21.32. Sj,rzthesis of’ inzinodiuretic ucid dihydroxi- 
mute in DVBS. A mixture of methyl ester of 
Chelex-100 (0.25 mol) and hydroxylamine hy- 
drochloride (0.25 mol) in methanol was refluxed 
for 12 h. The pH of the reaction mixture was 
adjusted by sodium ethylate solution to 9.2. The 
product thus formed was filtered, washed with 
80% ethanol and dried in vacuum. 

2.2. Appurutus 

Infrared spectra of the synthesized resins were 
recorded on a Shimadzu IR-400 spectrophotome- 
ter using KBr pellets. Nitrogen analysis was done 
using Kjeldahl’s method. A Perkin-Elmer 2380 
atomic absorption spectrophotometer was em- 
ployed for the quantitative determination of metal 
ions. 

2.3. Drtrmzination of’ distribution ccwf;ficients 

A batch equilibration technique was employed 
for the investigation of metal uptake by the resins. 
The method involved equilibrating the H + form 
of resins with 1 ml of 1000 ppm metal ion solu- 
tion and a known volume of sodium acetate- 
acetic acid buffer (pH range 447) for l- 10 h. 
Two phases were separated after equilibration and 
an aliquot of filtrate was analyzed for metal by 
atomic absorption spectrophotometery. The 
quantity of metal ion adsorbed by the resin was 
obtained by subtracting the concentration in the 
filtrate from the initial concentration. 

CONNOH 
/ 

@-@ c”z -c’ioll,,oll 
Scheme 3. Synthesis of malonic acid dihydroximate in DVBS. 
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Glycine hydroximate in DVBS shows maximum 
adsorption for Fe(II), Cu(I1) and Zn(I1) at pH 
5.5, and for W(VI), U(VI). Co(II), and Ni(II) at 
pH 6.0. At pH 6.5. maximum adsorption of 
Cd(I1) takes place whereas Ca(II) is adsorbed 
maximally at pH 4. At the pH of maximum 
adsorption, the selectivity order of various metal 
ions on this resin is as follows: 

CONIIOH W(VI) > Fe(II) > U(VI) > Cu(II) > Zn(II) 

Scheme 4. Synthesis of iminodlacetic acid dihydroximate in 
DVBS. 

The molar distribution coefficient (K,) values 
were then calculated using the formula: 

K* = 

Amount of metal ion in resin ner eram of resin 

Amount of metal ion in solution 

per milliliter of solution 

3. Results and discussion 

The synthesized resins are highly stable in water 
and commonly used solvents in the pH range 447. 

In the infrared spectra of hydroximate deriva- 
tives of DVBS. a band near 3450 cm ’ was 
assigned to r(NH) and another band near 
1695 1650 cm ’ was assigned to C 0 stretching 
vibrations of hydroxamic acid. The r(CO) band 
of carboxylic acids near 1580 cm ’ and the r(C 
0) band of esters near 1725 cm ’ disappeared in 
the spectra of hydroxamic acid derivatives. 

The moisture content. bulk density, specific 
bulk volume. nitrogen content and degree of sub- 
stitution of the resins are given in Table 1 and the 
pH titrations (determined by a batch method 
using 0.1 N NaOH) are represented in Fig. 1. 

3.1. Uptake qf’metals h?l the resins 

The molar distribution coefficient values of 
Fe(II). Co(II), Ni(II), Cu(II), Zn(II), Cd(II), 
U(VI) and W(VI) metal ions with GH-DVBS, 
AAH-DVBS, MAH-DVBS and IDAAH-DVBS 
are represented in Tables 2-5, respectively. The 
results indicate that the distribution coefficient 
values first increase, then attain a maximum and 
finally decrease with increasing pH. 

> Cd(II) > Co(II) > Ni(I1) > Ca(II) 

The resin exhibits high selectivity for tungsten 
( Kd = 10 861) and iron (Kd = 5822) which can be 
easily separated from all other metal ions at pH 6 
and 5.5 respectively. This resin can be utilized for 
the separation of copper (& = 1995) from co- 
balt (& = 412) and nickel (& =478) at pH 5.5. 
It also shows marked adsorption for uranium 
(I& = 2879). 

The sorption studies of various metal ions on 
AAH-DVBS resin reveal that Fe(I1). Co(II), 
U(VI), and W(VI) are adsorbed maximally at pH 
6, Zn(II) and Ni(II) at pH 5.5, Ca(II) at pH 4 and 
Cu( II) at pH 5. The metal ions show the following 
adsorption pattern at the pH of maximum ad- 
sorption: 

W(VI) > Zn(I1) > Fe(I1) > Cu(II) > Cd(I1) 

> U(VI) > Co(I1) > Ni(I1) > Ca(I1) 

This resin is selective for tungsten, zinc, iron, and 
copper. The increased adsorption behaviour of 
anthranilic acid derivatives for zinc has already 
been discussed in our previous paper [ 181. The 
separation of tungsten (& = 4030) from cobalt 
(K, = 572). nickel (& = 364), copper (& = 404), 
cadmium (& = 913) and uranium (K, = 796) can 
be achieved at pH 6. 



Table I 

Resin characteristics 

Resin Moisture content Bulk density Specific bulk volume Nitrogen content Degree of substitution 

(” 0) (g cm 7 (cm’ g ‘) (‘!;a) (‘!h) 

GH-DVBS II.80 0.60 I .66 

AAH-DVBS I I.19 0.55 I .80 

MAH-DVBS IO.1 I 0.89 I.12 

IDAAH-DVBS 9.80 0.44 2.77 

I.86 30.66 

I .96 26.06 

1.73 34.51 

3.00 '5.42 

The distribution coefficient values of various 
metal ions. namely, Fe(H). Co(II). Ni(I1). Cu(I1). 
Zn(I1). Cd(II), Ca(II), U(VI) and W(VI), with 
MAH-DVBS resin at the maximum adsorption 
pH are 1599, 546. 448. 904, 879, 843. 129. I 101 
and 4030 respectively. The selectivity order is 

W(V1) > Fe(I1) > U(VI) > Cu(II) > Zn(I1) 

> Cd(I1) > Co(I1) > Ni(I1) > Ca(I1) 

Sorption studies of various metal ions with 
IDAAH-DVBS resin suggest that it is the most 

0-0 GH- DVBS 
H AAH - DVBS 

10 

c 

H MAH- DVBS 
w IDAAH- DVBS 

Fg I. pH titration curves for CIH-DVBS. AAH-DVBS. 

MAH-DVBS and IDAAH-DVBS resins. 

effective of the four synthesized resins for the 
selective adsorption of metal ions. At the pH of 
maximum adsorption, distribution coefficient val- 
ues for Fe(II), Co(II), Ni(II), Cu(II), Zn(II), 
Cd(II), Ca(II), U(VI) and W(V1) are 36489, 
10 177, 7960. 32 483. 10 760. 8109, 395, 43 436 and 
21 707 respectively and these values can be ar- 
ranged in the following descending order of selec- 
tivity: 

U(VI) > Fe(I1) > Cu(I1) > W(V1) > Zn(Il) 

> Co(I1) > Cd(I1) > Ni(I1) > Ca(I1) 

Thus, the selectivity of this resin for uranium. 
iron. copper and tungsten is quite high. This order 
is consistent with the metal stability order given 
by Bogdanov [19] for hydroxamic acids: 

Alkaline Transition Rare Fe, Cu and 
earth < metals < earths < highly charged 
metals cations 

Hydroxamic acids form chelates with high sta- 
bility constants when complexed with ferrous, 
non-ferrous and rare earth metals whereas those 
with low stability order complex with alkali and 
alkaline earth metals [20]. Hydroxamic acid exists 
in two tautomeric forms: 

R\,,” 

,,A - 

RI,/OH 
II 

H’ ‘OH NiOH 

(4 (b) 

Form I 

Metal complexes are formed via the hydroxam- 
ide functional group (a) and not through the 
hydroxyoxime structure (b). Thus there is a con- 



Table 3 
Kti value5 of different metal ions on GH-DVBS resin 

PH Fe(I1) Co(I1) Ni(I1) Cu(I1) Zn(I1) Cd(I1) Ca(I1) L(V1) WWI) 

3.5 740 I 50 
4.0 865 204 
4.5 I704 251 
5.0 2289 330 289 
5.5 5822 412 478 
6.0 3884 71.3 689 
6.5 3012 23.3 496 
7.0 2140 150 310 

215 IO11 900 
231 II34 959 
770 I205 975 

1035 I430 1008 
1995 1816 1042 

708 1283 1076 
371 I181 1315 
140 540 6 I 0 

120 650 990 
I76 788 1035 
I55 1250 
96 1676 1791 

2264 2763 
2849 10861 
2134 7791 
1784 3891 

Table 3 
K, values of different metal Ions on AAH-DVBS resin 

PH Fe(l1) CO(Il) Ni(I1) Cu(I1) Zn(I1) Cd(I1) Ca(I1) U(V1) WWI) 

3.5 160 150 
4.0 250 125 253 
4.5 504 2 I 0 707 610 
5.0 756 404 377 1451 
5.5 Ill7 469 510 1014 
6.0 1701 572 364 404 
6.5 1075 334 311 190 
7.0 640 135 305 I 79 

940 551 
1228 783 
If335 804 
1691 829 
1794 845 
1728 913 
1705 833 
I690 805 

95 220 
154 I51 441 
125 203 698 
70 253 II03 

50 I 1701 
796 4030 
562 2500 
540 1690 

Table 4 
Kd values of different metal ions on MAH-DVBS rebm 

PH Fe(I1) CO(I1) Ni(I1) Cu(I1) Zn(I1) Cd(I1) Ca(I1) U(W) WW) 

3.5 90 558 
4.0 157 I22 122 712 
4.5 397 I46 314 76’ 
5.0 572 I50 204 537 779 
5.5 934 221 325 904 837 

6.0 1599 546 448 623 879 
6.5 1045 208 342 257 798 
7.0 515 I42 440 

350 85 410 150 
537 12’) 479 315 
592 79 535 625 
633 44 831 1019 
748 923 2309 
843 I101 4030 
612 981 I572 
550 612 II21 

Table 5 
K, values of different metal IOX on IDAAH-DVBS resin 

PH Fe(l1) CO(II) Ni(I1) Cu(l1) Zn(I1) Cd(I1) Ca(I1) U(V1) WW) 

3.5 3140 5450 6101 3728 245 10550 1125 
4.0 4354 2258 7228 6243 4719 395 11409 2701 
4.5 10620 2130 2849 I2668 7009 5027 289 14928 3229 
5.0 14316 648 I 4018 32483 7960 6287 188 21263 5077 
5.5 36489 10177 5612 21475 8731 6635 23727 1062 
6.0 16590 7009 7960 I5970 10760 7186 43436 21707 
6.5 3717 5809 4498 4962 5612 8109 26807 6925 
7.0 2980 3550 4440 3961 4123 6387 I41 I5 4125 



siderable covalency in the bonds formed (com- 
pared with the ionic characteristic of the bonds 
formed with the carboxylic group) and this con- 
tributes to the high selectivity of the hydroximate 
interaction with metals. Hydroxamic acids are 
weaker donors than the carboxylic acids but are 
more selective. 

A perusal of the results shows that the four 
synthesized hydroximate resins are selective to- 
wards transition and highly charged metal ions 
[U(VI) and W(VI)] in comparison to alkaline 
earth metals, i.e. calcium. Therefore, the disad- 
vantage of Chelex-100 can be overcome by utiliz- 
ing these resins, especially IDAXH-DVBS where 
the order of Kd values is comparable with those of 
Chelex-100. This resin can be effectively used in 
the recovery of uranium from sea water of pH 
6-8 [Kd of U(VI) at pH 6 = 43 4361. 

Among the four chelating resins reported, 
the dihydroximate of amino carboxylic acid 
(IDAAH-DVBS) is more effective than the mono- 
hydroximate of amino carboxylic acid (GH- 
DVBS) because of the extra coordinating sites in 

Fig. 2. Column separation of Co( II) and Cu( I I) on (;H-DVBS 

resin. 

the IDAAH-DVBS resin. However, even the dihy- 
droximate of carboxylic acid (MAH-DVBS) is a 
weaker donor compared to the monohydroximate 
of amino carboxylic acid (GH-DVBS) although 
the former has a high degree of substitution. This 
is because of the presence of nitrogen, which 
increases the electron density on the coordinating 
oxygen of the amino acid hydroximate resin. GH- 
DVBS is also found to be a stronger donor com- 
pared to AAH-DVBS, which has a higher degree 
of substitution compared to GH-DVBS. Assum- 
ing that the phenyl group is electron-withdrawing 
[21], the electron density on the donor oxygen 
atom is decreased. Thus, AAH-DVBS is a strong 
acid. weak donor but more selective while GH- 
DVBS is a weak acid, strong donor and less 
selective. 

A study of the Kd values of various metal ions 
with GH-DVBS resin reveals that separation of a 
mixture of metal ions can be achieved using this 
resin. Copper (Kd = 1995) was separated from 
cobalt (Kd = 412) and nickel (Kd = 478) at pH 5.5 
by GH-DVBS using column chromatography. 

A 10 cm long glass column of uniform diameter 
(1 cm) was used for the separation of metal ions. 
The resin in the H * form was kept overnight in 
DMF to allow swelling to occur. The swollen 
resin was poured into the column to a height of 
2 3 cm. The column was equilibrated with 
sodium acetate-acetic acid buffer of pH 5.5. 20 
ml of a mixture containing 10 ml of each metal 
ion was loaded onto the column at a flow rate of 
2 ml min ’ which is the normal flow rate of the 
medium height column under atmospheric pres- 
sure. The column was washed with the same 
buffer solution and the sorbed metal ions were 
eluted with 0.1 N HCl. 5 ml fractions were col- 
lected and were analyzed for metal ion concenta- 
tion by atomic absorption spectrophotometry. 

The quantitative separation of copper-cobalt 
and copper-nickel at pH 5.5 is shown in Figs. 2 
and 3 respectively. Cobalt and nickel ions, being 
less strongly held by the resin. move down the 
column more rapidly and are collected before 
copper. 
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Abstract 

We have studied the speclation of chromium (VI) in stainless-steel welding dusts. The approach used for the 
analysis of Cr(VI) and total Cr relies on a flow-injection analyzer (FIA) equipped with two different sequential 
detectors. The system measures Cr(VI). by calorimetry (with 1.5-diphenyl carbohydrazide) and total chromium 
content by flame atomic absorption spectroscopy (AA’S). The extraction of the samples of welding-fume dusts is 
achieved in a buffer solution (acetic acid and sodium acetate at pH 4). This extraction procedure gives a 96% recovery 
of chromium (VI). The FIA- AAS system that has been described is also more sensitive. has a lower detection limit 
(0.005 /[g ml ‘) and gives a better precision ( < 1%) than other equivalent systems that have been previously 
described. 

KL~~~II~ou/.s: Atomic absorption spectrometry; Chromium: Flow-injection analysis; Speciation; Welding dust 
__ ~__~_.__ 

1. Introduction 

Industrial development has brought many 
problems of environmental pollution and has also 
increased the exposure of workers to several toxic 
substances. Toxicological studies have shown that 
some essential and non-essential elements become 
toxic at a certain level of concentration. It has 
also been demonstrated that the degree of toxicity 

depends on the chemical form in which the toxic 
agent is present. In particular. it has been shown 
that the negative effect of an element on health 
could depend on its state of oxidation [1,2]. 
Chemical speciation has consequently become im- 
portant. This type of analysis is difficult since, on 
the one hand. many precautions are necessary to 
avoid a modification of the analyte during the 
storage, processing and analysis of the sample 
and. on the other hand. it is obvious that the 
concentration of an element present in a particu- 
lar oxidation state will be lower than. or at the 
very most equal to, the total concentration of the 
analyte. 
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We have been particularly interested in the 
speciation of chromium. For this element. it is 
well known that the most toxic form is the hex- 
avalent oxidation state. The high toxicity is re- 
lated to its ability to cross the cell membrane and 
to its strong oxidation properties. Chromium (VI) 
compounds are widely used in industrial processes 
such as tanning, painting, plating, welding and 
metallurgy. Since welders are an important target 
group, we have chosen. as a typical sample. the 
welding dusts generated by the fumes of the stain- 
less-steel welding process. 

The chemical composition and physical form of 
this type of sample are extremely complex and 
variable. In addition. the solubility of the species 
found in welding-fume dusts is variable according 
to its chemical form and can change in a few 
hours or months following the time of sampling 
[3]. For chromium (VI) speciation several studies 
on extraction procedures have been reported. 
They rely on extractions under acidic [44h]. neu- 
tral [7] or basic conditions [8.9]. 

Several methods have been investigated for the 
speciation of Cr(V1): liquid chromatography, sol- 
vent extraction. flow-injection analysis. etc. 
[lo. Ill. The approach that we have used for the 
analysis relies on a flow-injection analyzer (FIA) 
equipped with two different sequential detectors. 
In this work, we will determine Cr(V1) and total 
chromium content in samples of welding fume 
dusts. The system will measure Cr(VI) by col- 
orimetry and total chromium content by flame 
atomic absorption spectroscopy (AAS). 

The reaction of Cr(VI) with 1.5diphenyl carbo- 
hydrazide (DPC) is one of the best calorimetric 
methods for the determination of hexavalent 
chromium. The reaction is rapid and specific and. 
under proper acidic conditions. the ligand reacts 
little with the other transition metals. Further- 
more, elements that are complexed by DPC have 
a different color to the Cr(VI) complex and this 
minimizes the risks of interference during the 
calorimetric determination. In acidic solution. 
DPC reacts with Cr(V1) to form an intense violet 
complex according to 

2 CrO,? -3H,L+8H+ + 

[Cr( III)(HL),] * + Cri + + H2L + 8 H,O 

where H,L represents the DPC and H2L the 
1,5-diphenyl carbazone. The colored complex is 
believed to be a chelate of Cr(III) and 1.5 
diphenyl carbazone [ 121. The molar absorptivity 
of the chromium complex is of the order of 84 000 
1M ’ cm ’ at 540 nm. The direct reaction of the 
chromium (III) with H,L is difficult in an aqueous 
medium and should not form another complex 
that could interfere in the analysis [12,13]. When 
the reaction is used for quantitation, it is neces- 
sary to study the possible interferences that can 
result from the reactions between the ligand and 
other elements or by a secondary reaction with 
the ligand under its oxidized form. The colorimet- 
ric reaction with DPC is the method used by 
Occupational Health Agencies in Canada and in 
the USA. The sequential determination of 
chromium (VI) and chromium (III) by FIA-AAS 
was described by Lynch et al. [14]. 

In this paper, we describe the FIA system that 
we have developed. The original system was based 
on the prototype developed by Lynch et al. [14]. 
This system has been modified and highly opti- 
mized to allow the speciation of chromium (VI) in 
stainless-steel welding-fume dust samples. The 
system has been fully automated, and its analyti- 
cal performance and potential interferences were 
assessed. Finally, the method has been used for 
the analyses of welding-fume dusts. 

2. Experimental 

-7.1. Itisfrutttrnttrtiot7 

The FIA set-up used by Lynch et al. [14] and 
our system are shown in Fig. 1. The peristaltic 
pump is an eight-channel pump (Gilson, Villers- 
Bel. France) that has been modified to allow 
microcomputer control. The computer can also 
control the injection via a three-way pneumatic 
rotary valve (Rainin, Woburn, MA). The sam- 
pling loop can be filled either by a second peri- 
staltic pump or with an automatic sampler. Two 
detectors are used: a UVvisible spectrophotome- 
ter (model 100-20. Hitachi, Tokyo, Japan) 
equipped with flowthrough micro-cell (Model 
178.12 QS, Helma, Forest Hill. NY) and an 
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Fig. I. SchematIc representation of the Fl.4 configurations: (a) 

used by Lynch et al. [14]. (b) used m thts paper. 

atomic absorption spectrometer (Model 2380. 
Perkin-Elmer, Norwalk. CT). An IBM-XT com- 
puter controls the pump and the injector and 
ensures instrument control and data acquisition. 
Control and data acquisition are done through a 
parallel digital interface (Model PI01 2. Metrabyte 
Corp., Taunton, MA). All the control and data 
acquisition hardware and software were devel- 
oped in our laboratory. The optimized operating 
conditions are given in Table I. 

All chemical products and solvents are of ana- 
lytical grade. A 1000 jig ml ’ standard solution 

Tdble I 

Optimized operating conditwn\ of the FIA \bstem 

FIA 

H2S0, 0.2 M flo\\ rate (ml men 1 

DPC 0.0060 M Rou rate (ml min ‘) 

Acetate buffer solution lpH 3) flos rate 

(ml min ‘1 

Total fh rate (nil mm ‘) 

Volume of the injection (1/l) 

Length of the reactor (m) 

Tcmpcrarure of the reactor (“C) 

Stopped RON time (s) 

Analytical ua\elength (nm) 

AAS 

Analytical v,a\elrngth fnml 

Spectral bandwdth (nm) 

N,O C-H, molar ratio 

Observation height (mm above the burner head) 

I 

I 

I.6 

3.6 

300 

4.3 

30 

35 

540 

3Si.Y 

0.1 

3 
f; 

in Cr(VI) is freshly prepared from potassium 
dichromate. while the 1000 /ig ml ~’ standard 
solution of Cr(llI) comes from BDH (Montreal, 
Que.. Canada). Diluted standard solutions are 
freshly prepared before each analysis. Solutions of 
potential interfering ions are prepared from 1000 
IKE ml ’ standard solutions (BDH) or from the 
chloride or nitrate of the element of interest. The 
concentrated sulfuric acid (“Instra-analyzed”; 
Baker, Montreal, Que.. Canada) is certified to 
contain < 0.0002 ,~ug ml --I chromium. Solutions 
of DPC are obtained by dissolving the appropri- 
ate quantity of products in 100 ml of acetone. The 
volume is then completed to 1 I with the purified 
water (deionized, filtered on a carbon bed and 
with a Millipore filter IO jlrn). The solutions are 
kept in the dark to avoid their decomposition. All 
containers are cleaned by soaking in a 50% nitric 
acid solution for at least 24 h and thoroughly 
washed with purified water before use. 

Two membranes are usually used for sampling 
of the welding-fume dusts. The first is a filter 
made of mixed cellulose ester (FECM) and the 
other is a polyvinyl chloride membrane (PVC). 
Both membranes have a 8 pm porosity. The effect 
of membrane composition on the chromium spe- 
ciation was evaluated using diluted standard solu- 
tions as samples. The solution containing the 
analyte is deposited on the different membranes 
and is dried overnight. The samples contain 2 and 
20 pg of Cr( VI Three successive extractions are ). 
performed with volumes of 5, 3 and 3 ml of an 
acetate buffer solution (pH 4). During the extrac- 
tions the solution and membrane are first shaken 
manually and then placed in an ultrasonic bath 
for 5 min. The three extracts are then mixed. 
filtered and analyzed. 

The welding-fume dust samples are generated 
under rigorously controlled conditions to obtain 
deposits which are similar in terms of mass and 
composition. A special dust generation hood is 
used. The welding fumes are generated from a 



welding rod and are aspirated through a mem- 
brane to collect the fine dust particles. The system 
is built to produce the same flow rate over the 
whole surface of the membrane to insure the 
uniformity of the deposit. A stainless-steel ucld- 
ing rod with a 2.4 mm diameter (Model E316-16. 
Arcweld) is used. The description and composi- 
tion of the welding rod used are presented in 
Table 2. The diameter of the membrane is 293 
mm and this allows collection of a sample with a 
large surface that can be subdivided into several 
smaller identical sub-samples. A system of rings is 
used to maintain the membrane and to mask its 
external part. This masked section is not in con- 
tact with generated fumes and serves as a blank 
for weightings and analyses. From the membrane 
several samples are punched in both the exposed 
and non-exposed zones. Approximately 20 blanks 
and 40 samples are thus obtained from one mem- 
brane. The position of each of these small mem- 
branes is noted to allow us to group the samples 
coming from different parts of the membrane in 
order to minimize the error that could be pro- 
duced by heterogeneity of the deposit. The dust 
particle mass for each sample is obtained by 
subtracting the average mass of the blanks from 
the sum of the sample and filter masses. 

For the preparation of the standards. samples 
and blanks, all the glassware. polyethylene con- 
tainers and pipette tips are cleaned by soaking in 
nitric acid (20% (vv)) for at least 24 h and rinsed 
with purified water. Each membrane is inserted in 
a sample tube to which an 8 ml aliquot of an 
acetate buffer solution (pH 4) is added. The sam- 
ple tube is hermetically closed. vigorously shaken 
by hand and. then left in an ultrasonic bath for an 

hour. The solution is then filtered (0.45 jtrn filter, 
Millipore. Bedford, MA) to eliminate residual 
particles. Some of the samples are digested ac- 
cording to the standard analytical method 6-1 of 
the “Institut de Recherche en Sante et Securite” 
(IRSST) of Quebec [15]. This method used a hot 
digestion with concentrated nitric acid followed 
by concentrated hydrochloric acid for complete 
dissolution of the sample. 

To evaluate the level of interference, a series of 
solutions is prepared at three concentrations (10, 
50 and 700 jcg ml ‘) of the potential interfering 
ion and with a Cr(V1) concentration of 0.1 /g 
ml ‘. The potential interfering species examined 
are Co(II), Cr(I1). Fe(I1). Fe(III), Ni(II), Pb(II), 
V(V) and Mo(V1). The molar ratio of DPC to Cr 
is approximately 3200. 

3. Results and discussion 

In the initial system proposed by Lynch et al. 
[14] (Fig. la) the injection valve is located directly 
in the reagent channel. Consequently. the reaction 
begins at both ends of the sample plug, then 
progresses towards the central part of the sample 
plug. In our system (Fig. I b) we have modified 
the FIA configuration. firstly to allow for a more 
efficient (turbulent) mixing of the reagents and the 
sample, and secondly to prevent the problems 
related to the difference in refractive index be- 
tween the carrier and the sample plug. A third 
tube is used to bring the sample or the blank to 
point B where the solutions are more efficiently 



Table 3 
Analytical performances of the FlA systems 

1969 

Parameter System,’ 

A B c D 

Sensitivity (ml g ‘I 0.020 0 744 0.369 0.490 
Dynamic range (g ml ’ ) 0. I 20 0.01 2 0.01 2 0.01 I .s 
Detection limit (g ml ‘) 0.005 0.005 0.002 
Precision (“;I)~ 1.6 (8) 0.8 (0.5, 0.6 (0.51 I.3 (0.4) 
Reproducibilit) 4 (8) 0.2 (0.5) 0.6 (0.51 I.3 (0.4) 
Number of measurements 16 I 0 3 5 

j’ A. Lynch et al. [l4]. B- D. thih work. B. manual system. C. automated system. D. automated system with stopped flow. 
h Values m parentheses are the chromium concentrations (g ml ). 

mixed. This channel provides a more constant 
composition for the carrier flow and therefore 
avoids the problems related to the change in 
refraction index. 

A standard optimization procedure of the FIA 
was performed. The reaction coil length (2.335.3 
m), the reagent concentrations (H,SO,:0.036-0.2 
M, DPC:0.01660.057 M), the reagent flow rate 
ratio. the total flow rate. the coil temperature 
(2006O”C), the sample volume (30. 400 /11) and 
the stopped flow time (0 60 s) were optimized. 
The range of the experimental parameters that 
has been investigated was limited by instrumental 
constraints (coil length), solubility problems 
(DPC concentration), Cr(VI) stability (H,SO, 
concentration) and solvent boiling point (temper- 
ature). The optimized operating conditions of the 
FIA system are given in Table 1. 

The analytical performances were evaluated on 
synthetic samples to allow their comparison with 
previously reported data. The results obtained 
after optimization are reported in Table 3. The 
calibration curves were obtained from six stan- 
dard solutions. For manual operation, the analyt- 
ical sensitivity and reproducibility are higher than 
those reported by Lynch et al. [l4]. The increase 
in sensitivity can be explained by a combination 
of several factors: a smaller dispersion obtained 
with a tube of smaller inside diameter. a different 
manifold and a careful optimization resulting in a 

higher reagent concentration, the optimization of 
the ratio of the flow rates, reactor length and the 
increase in temperature. Since the sensitivity is 
increased by a factor of 10. the linear range is 
shifted toward lower concentrations from 0.01 to 
2.00 /~g ml ‘. The spectrophotometric detector is 
saturated if the concentration of Cr(V1) is raised 
to 3 /lg ml ‘. The detection limit is 0.005 pug 
ml ’ and the precision is excellent with a relative 
standard deviation of 0.8% at a concentration of 
0.5 pg ml ‘, This represents a significant im- 
provement compared to a value of 1.6% at 8 fig 
ml ’ observed by Lynch et al. [14]. 

Microprocessor control of the pumping system 
allows a more precise and complex flow control 
and results in improved analytical performances 
(Table 3, columns C and D). The use of a stopped 
flow mode allows an increase of a factor of two in 
sensitivity. With a dynamic range up to 1.5 pg 
ml I. the sensitivity is 0.49 ml 11g ‘. The preci- 
sion is 0.5% at a concentration level of 0.4 pg 
ml ’ and the limit of detection is 0.002 pg ml ’ 
of chromium (VI). The sensitivity has increased 
by a factor of 25 compared to the results of Lynch 
et al. and the detection limit has decreased from 
0.01 to 0.002 jig ml ‘. In addition. the sample-to- 
sample reproducibility is excellent. 

Interferences can originate from two sources. 
The first type occurs when another element is 
complexed by DPC and the resulting complex has 
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an absorption band located at the same wave- 

length as the chromium complex. In this case, a 
positive interference occurs which will increase 
the absorption of the solution. This type of in- 
terference is a function of the concentration of 
the interfering elements and ther relative stabil- 
ity of their complexes with DPC. The second 
type of interfering species reacts with Cr(VI) 
and reduces it to Cr(II1). Since chromium(II1) 
has a small affinity for DPC the analytical sig- 
nal will decrease. This interference is not only a 
function of the concentration levels, but also a 
function of pH and reaction time. 

In our case. we wish to analyze stainless-steel 
welding-fume dusts and the elements that might 
be present in the sample are [4,6]: Fe, Ni, MO. 
Mn, Si, Cu, Ca, Na, Ti. Co and V. According 
to the type of welding rod used, the concentra- 
tions and chemical forms of these elements can 
vary from sample to sample. The known inter- 
fering elements for the Cr-DPC system are 
Fe(II1). Cu(I1). Ni, V(VI), Pb, Cr(III), Sn(IV). 
MO and Hg [16]. To assess the level of interfer- 
ence, a series of solutions of the interfering ele- 
ment are prepared at three concentrations (10. 
50 and 200 ,~lg ml ‘) with a constant Cr(V1) 
concentration of 0. I /lg ml ‘. The molar ratio 
of DPC to Cr is approximately 3200. The re- 
sults obtained from the interference studies are 
given in Table 4. 

For the trace elements (Co, Cu. Pb. V) 
present in stainless-steel welding rod the interfer- 
ences are absent or negligible. Among the major 
elements (Cr, Fe and MO), the effect of Mo(V1) 
can be neglected since this element will be 
present at low concentrations in the sample. In 
the case of Cr(II1). a positive deviation of 20°K 
is observed when its concentration is 500 times 
higher than that of Cr(V1). This ratio represents 
an extreme case which is not found in ‘real’ 
stainless-steel welding dusts. At lower levels ( 100 
times or more) the interference is 2”% or less. 
Iron(l1) is a particular case since its shows a 
strong negative influence at molar ratios up to 
approximately 500 and a positive interference at 
higher molar ratios (1800). The effect of iron(I1) 
can be explained in two ways: (i) Fe(I1) can 
easily reduce Cr(V1) and induce a decrease in 

absorbance; and (ii) Fe(II1) obtained by oxida- 
tion, or the excess of Fe(II). can react with 
DPC and absorb moderately at the wavelength 
of analysis, producing a positive interference. 
Fortunately, high concentrations of iron(I1) are 
not found in stainless-steel welding dusts [4]. 
Iron(II1) also gives interferences and therefore 
the presence of iron could cause significant 
problems for the determination of Cr(VI) if 
present at high concentration. Fortunately iron 
is poorly extracted from the sample and the 
analysis is manageable (see Section 3.5.3). 

Table 4 

Interference studies for the chromium (VI) analysis 

Species Concentration Mass Molar Interference 

Cm@ 1 ‘) ratio ratio factor” 
~- ~~ 

I 0 100 90 0.96 

50 coo 440 1.00 

200 2000 1770 1.02 

IO 100 80 0.97 

50 500 410 0.96 

100 2000 500 0.92 

IO 100 100 I .27 

50 500 510 2.60 

200 2000 ‘040 2.83 

IO IO0 I 00 1.21 

50 500 510 2.60 

700 2000 2000 I.51 

IO I 00 100 I .02 

50 500 470 0.85 

200 2000 1860 1.84 

IO 100 90 0.91 -1.28 

50 500 470 I.50 

200 2000 1860 3.00 

I 0 I 00 90 0.95 

50 500 440 1.01 

200 2000 1770 0.74 

c-0( I I ) 

Cu( I I ) 

L’(V) 

Fe(ll) 

r%Ill) 

Nl(II) 

Mo(V1) IO 100 50 0.95 

50 500 270 I.55 

300 2000 1060 R.61 
.~.~~_ 

I’ Mean of three measurements with a relative standard devia- 

tlon of 2.5”11. 



3.4. Sequentiul determinution qf’ chronliunl (VI) 
und totul c*hrornium b?s FIA-AAS 

The coupling of the FIA system to AAS im- 
poses a certain number of constraints. To avoid 
interferences of acids and other elements in the 
AAS determination of chromium a nitrous ox- 
ide-acetylene flame is used and the optimal con- 
ditions are reported in Table 1. From previous 
studies. it was shown that the signal intensity in 
AAS is different for chromium (VI) and 
chromium (III). To verify the importance of this 
effect, several solutions containing a total 
chromium concentration of 20 ,~g mi ’ made up 
of varying amounts of chromium (III) and 
chromium (VI) have been prepared. The maxi- 
mum deviation is less than 2% under our optimal 
conditions, and consequently no effects of the 
oxidation state of chromium on the signal are 
observed. The coupling of the FIA to the AAS 
nebulizer sets the uptake rate of the nebulizer to 
3.7 ml min-‘, without any loss in signal com- 
pared to a free uptake. The precision obtained for 
the peak height measurements is satisfactory: O- 
1.8% for a concentration range of O-32 jig ml ‘_ 

The calibration curves obtained for the sequen- 
tial determination of chromium (VI) and total 
chromium are shown in Fig. 2. 

3.5. Anulysis of’ \rlrlding-fume dust sun1p1e.s 

3.5.1. Cornprison qf’ thr men~brunrs used jk the 
sfmpling 

Two membranes are used to sample the weld- 
ing-fume dusts: a filter of FECM and a PVC 
membrane. The first membrane is normally used 
with an acidic digestion for total disso!ution of 
the whole sample and the membrane. In Table 5 
the recoveries obtained with the two membranes 
are presented. The results obtained with the 
FECM membrane are very poor in terms of re- 
covery. The loss of Cr(V1) can result from the 
filtration of the solution or loss by reduction of 
Cr(V1) [5]. The recoveries on the PVC membrane 
are excellent; they show that the membrane has 
no particular affinity for the analyte and the for- 
mer can then be entirely recovered. This mem- 
brane is stable and chemically inert but is difficult 
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Fig. 7. Calibration curves for (a) Cr (VI): (b) total Cr. 

to wet. The extraction has therefore to be under- 
taken with care to ensure that the sample is in 
good contact with the extraction solution. The 
best extraction method consists of introducing the 
membrane in a sample tube that can be closed 
and to shake manually followed by shaking in an 
ultrasonic bath. The sample is then filtered. 



A stainless-steel welding rod allows generation 
of a sample containing chromium and iron to- 
gether; iron being the element that presents the 
greatest potential for interference. The composi- 
tion of the welding rod is given in Table 2. To 
accomplish the speciation of Cr(VI) it is essential 
that this oxidation state be preserved during the 
entire analytical procedure. In addition, a com- 
plete extraction of chromium with minimal ex- 
traction of elements that could interfere with the 
analysis is also desirable. 

The solubility of the different chemical forms of 
chromium depends on the pH. At very acidic pH 
( < 1). the majority of species are soluble, but 
Cr(VI) is reduced to Cr(lII) at any pH lower than 
4 [4.6]. Furthermore. the solubility of Cr(II1) is at 
its maximum at a pH value less than 5. The 
optimum extraction pH range is therefore bc- 
tween 4 and 5. at this value. the major metals 
present in fume dusts, such as Fe, Mn and Ni, are 
slightly soluble [4] and will be extracted only 
slightly. Several solutions were evaluated for the 
extraction and the results obtained are shown in 
Table 6. A recovery of 100% is obtained with a 
total digestion in HNO,-HCl. In this series of 
samples, the chromium is extracted with a recov- 
ery of 2 91% in all tested solutions and. as indi- 
cated by the standard deviation, no method of 
extraction is superior to the other methods in 
terms of the quantity of extracted analyte. How- 
ever, extraction with an acetic acid and sodium 

Table 5 

Chrotnlum (VI) recocery 

Membrane Cr(VI) Recovery” Standard 

deviation 

(i’E) (1’ ,a) (” (8) 

PVC 2.0 I 00 I 

7.0 IO’ -I 
20.0 90 I 

20.0 I 00 I 

FECM 2.0 36 I 

2.0 29 I 

20.0 X8 I 

20.0 89 I 

,L Mean of three measurements. 

Table 6 

Cotnparlson of the extraction methods 

Eztractlon solution Analyte Recovery 

(“A) 

HNO, HClh Cr 

H,O Cr(VI) 

H,O Cr 

NaX’O, (I”L) Cr (VI) 

NaOH (1” <>) Cr (VI) 

H,SO, (0.5 M) Cr (VI) 

H,SO, (0.5 M) Cr 

Acetate buffer Cr (VI) 

100 (8) 

91 (7) 
93 (6) 

97 (7) 
99 (6) 
99 (6) 

!OO (7) 
96 (6) 

,’ Reco\erl and (standard deviation). 

h Total digestion. 

i All the recoveries were measured on five samples with this 

cxceptlon where three samples were measured. 

acetate buffer at pH 4 is far more advantageous in 
terms of extract stability. A study of the stability 
of Cr(VI) in this acetate buffer has shown that the 
concentration of the analyte is stable for more 
than 24 h. In addition. the same buffer is used as 
the matrix for the standard solutions and as the 
FIA carrier flow. 

The detection limit for the determination of 
Cr(V1) by FIA is excellent (0.005 /cg ml ’ or 1.5 
/Lg); the dynamic range is from 0.005L1.5 jig 
ml ‘. The detection limit with AAS is poorer 
than normally observed (0.3 ,~g ml ’ or 85 pg). 
which can be explained by the sample dilution 
and the small sample volume (300 111). The short- 
term precision is 0.5% and the reproducibility of a 
series of five measurements is 1.3% at a concentra- 
tion level of 0.4 /I& ml ‘_ The precision for the 
total chromium determination by AAS does not 
exceed 2% 

To demonstrate that the method developed can 
be used in occupational health, Table 7 shows the 
concentrations of chromium in air equivalent to 
the lower limit of quantification and to the upper 
limit of the dynamic range for different sample 
volumes. Generally volumes of 180-600 1 of air 
are sampled for the determination of total Cr and 
Cr(V1) respectively. Obviously an increase in the 
volume of air sampled will result in a lower 
quantification limit. The legal norms for total 
chromium and hexavalent chromium concentra- 
tions generally accepted by the Canadian and 



Table 7 

A1r \oIulllt' Loser limit of Lcg‘ll norm Upper limit 

(L) Quantification of lInearit! 
(rnf m I) (mg m ‘1 Ime m ‘1 

().(I37 
0.00067 
0 12 
0 0021 

0.5 <‘I- O.h7 
0.05 C‘r(VI) 0.010 
11.5 C‘r 2.1 
005 C‘tqVl) Il.067 

,’ The quanttticatton limit is IO x the detection limit. 

” All the calcul;tt~on~ were m,~dc arsuming a linal wlutwn 

volume of X.0 ml ,tnd sampling volume> 01‘ IX0 and 600 I 01 
air. 

American Occupational Health Organizations are 
given and are well within the range of’quantifica- 
tion of the FIA system. 

The analyses of Cr(VI). total Cr and Fe have 
been performed by different techniques to obtain 
a good estimate of the potential of the FIA sys- 
tem for the determination of the total chromium. 
extractable chromium and hexa\,alent chromium 
contents of samples. The results obtained are 
shown in Table 8. TNO processing procedures are 
used for the samples: (i) a complete digestion that 
allows the determination of the total chromium 
content: and (ii) an extraction with an acetate 
buffer (pH 4) which alloys the determination of 
the extractable chromium. 

First. the results obtained by FIA are compared 
with those obtained by iveIl-known method for 
the speciation of chromium by complexation of 

Cr(VI) with ammonium pyrrolidine dithiocarba- 
mate (APDC) followed by an extraction with 
4-methylpentan-2-one (MIBK) and determination 
by AAS [16]. The concentration found by FIA in 
welding-fume dusts for Cr(VI) is 22.5 mg g ~ ’ and 
is within the range of the value found by complex- 
ation with APDC (23 + 3 mg g ‘). However, the 
precision obtained by the DPC-FIA method is 
better than that obtained by the other method. 

The average quantity of total chromium is of 
the order of 30 mg g ‘. The greatest p&t of this 
chromium is in an extractable form (25 mg g- ‘) 
and, as expected, the extractable chromium is 
mainly in its hexavalent form (22.5 mg g- ‘). 

From these measurements, it appears that only 
83% of chromium is extracted from the sample. 
The proportion of extractable chromium varies 
with the fume samples and gives an indication of 
the variability of the composition of the welding- 
fume dusts. In our case, the two series of fume 
dust samples (Tables 7 and 8) have been gener- 
ated at different times, and in different amounts, 
but from the same welding rod. Thus it is not 
suprising to find that the chemical composition 
varies not only with the composition of the weld- 
ing rod but also as a function of the welding 
parameters used (voltage. current intensity. etc.) 
v71. 

To be able to judge the quality of the extraction 
conditions used in terms of their potential to 
produce iron interferences, we have measured the 
portion of iron that is extracted. The quantity of 
iron contained in the sample is 34 mg g ’ and the 
amount of iron that is extracted in only 7.5 mg 

t’ ‘. This amount of iron would not cause any 
serious interference problem since, as indicated 
earlier. this interference is only important when 
the concentration of iron is about 100 times 
greater than that of Cr(VI) and when iron is in its 
divalent form (which is not the case here). 

4. Conclusion 

Elemental speciation requires a great specificity 
of the method of analysis and control of the 
chemical form of the analytes during the whole 
analytical procedure. The method and analyzer 



that we have developed meet these demands. The 
extraction of the samples of welding-fume dusts in 
a buffer solution (acetic acid and acetate of 
sodium at pH 4) has proven comparable to that 
with other extraction solutions. The main advan- 
tage of this buffer is that it minimizes the extrac- 
tion of iron and avoids the reduction of Cr(VI). 
The FIA-AAS system that has been described is 
also more sensitive. has a lower detection limit 
and gives a better precision than the system that 
developed by Lynch et al. [14]. 
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Aqueous complexing of nickel and zinc with 
3-(N-morpholino)propanesulfonic acid and the solubility 

products of nickel and zinc hydroxides 

Abstract 

Phosphate and carbonate buffers serve as excellent pH buffers at circumneutral values of pH, except for systems 
requiring significant concentrations of heavy metals. which are severely restricted by the low solubilities of heavy 
metal phosphates and carbonates. 3-( .V-morpholino)propanesulfonic acid (MOPS; pK‘, 7.2) is a suitable replacement 
buffer at circumneutral values of pH. However. only limited data are available concerning aqueous complexing 
involving MOPS. .4queous complexing of nickel and zinc with MOPS has been investigated by the solubility method. 
using the sparingly soluble solids Ni(OH), and Zn(OH),. Log K,, values of - 15.9 and ~ 16.6 have been determined 
for Ni(OH), and Zn(OH), respectively. Experiments with MOPS indicate that there is negligible complexing between 
Zn and MOPS. but that significant NipMOPS complexing occurs. such that Ni’+ + OH + MOPS 
ti Ni(OH)MOPS”: log K = + 7.0. 

Kq~~wrtl\: Aqueous complesing: 3-( .l-morpholino)propanesulfonic acid: Nickel: Solubility products: Zinc 

1. Introduction 

Carbonate and phosphate buffers have long 
been used as buffers for circumneutral values of 
pH. Correspondingly, a large database of aqueous 
complexation constants exists for carbonate and 
phosphate species, which has been incorporated 
into aqueous speciation programs such as 
MINTEQAZ [l] and WATEQW [2]. However. carbon- 
ate and phosphate buffers are not suitable for all 
experiments. In particular, the low solubilities of 

heavy metal carbonates and phosphates (Table 1) 
severely limit the range of heavy metal concentra- 
tions that can be used in experiments buffered 
with either carbonate or phosphate buffers. This 
problem is particularly acute for researchers in- 
vestigating the toxicity of heavy metals for vari- 
ous biological organisms. which frequently 
require circumneutral values of pH for growth. 
Alternative pH buffers with suitable values of pK, 
have been made available by Good and co-work- 
ers [3 -~j]. However. only limited data are avail- 
able concerning aqueous complexation between 
these buffers and metal cations. 



1976 3’. R. Po~il.\o,~. J.1. Lhc <‘I. 7 

The objective of this study is to evaluate 
aqueous complexation constants for nickel and 
zinc with the buffer 3-(N-morpholino)propanesul- 
fonic acid (MOPS; pK., = 7.2). The method em- 
ployed to determine the aqueous complexation 
constants involved measurement of the solubilities 
of nickel and zinc hydroxides in the presence and 
absence of MOPS. Hence. the solubility products 
of nickel and zinc hydroxides were also deter- 
mined during the course of the experiments. 

2. Experimental 

Values of aqueous complexation constants are 
commonly derived by potentiometric titration 
[3.6]. However. the low solubilities of heavy metal 
hydroxides (Table 1) at circumneutral pH demand 
low metal concentrations, which would lead to 
reduced sensitivity during titration. The approach 
used in this study was to compare the solubility of 
nickel and zinc hydroxides with and without the 
presence of MOPS. Increased solubility in the 
presence of MOPS is attributed to metalLMOPS 
complexing, while decreasing solubility in the 
presence of MOPS is attributed to precipitation of 
a metal-MOPS phase. 

All experiments were designed to avoid the 
presence of carbonate in experimental solutions, 
in order to simplify the experimental system. to 
avoid possible metal-carbonate complexing, and 
to prevent the possible precipitation of metal car- 
bonates. All solutions were prepared with water 
which had been purged of CO, by boiling and 
gassing with N2 [7]. All experiments, pH measure- 
ments, and sampling of solutions were conducted 

Table I 
Solubility products (log K,, at 3°C) of ~elttcted hea\ metal 
phosphates and carbonates [ 121 

-__ ~~~~~~ 

Phosphate IOP K,, Carbonatrs log K,, 
- _- 

Ni,(PO,), ~ 30.3 NKO, -8.7 
ZndPO,), - 32.0 ZnCO, ~ 10.8 
CddPO,), ~ 37.6 CdCO, -11.3 
Pb,(PO,), -42.1 PbCO; ~ 13.1 
Co,(PO,), -34.7 coca, ~ 12.X 

CUdPO,), ~ 36.‘) CUCO; -9.9 

in a glove bag purged with NZ. The solubilities of 
nickel hydroxide (Johnson Matthey Chemical 
Co.) and zinc hydroxide (Aldrich Chemical Co.) 
were determined at 22°C over a pH range of 
approximately 778.5. with NaNO, present in con- 
centrations between 0.002 and 0.2 molal. pH was 
adjusted by the addition of HNO,. Similar experi- 
ments were conducted with MOPS concentrations 
between 0.0008 and 0.2 molal. Experiments were 
conducted in 60 ml polyethylene bottles. pH was 
measured with an Orion Ross Sure-Flow combi- 
nation electrode and a Beckman @21 pH meter, 
which was calibrated using pH 7 and 10 buffers. 
Samples were taken using a syringe, and filtered 
through a 0.45 jlrn syringe filter. Samples were 
acidified with HNO,. and diluted where appropri- 
ate. Nickel concentrations were measured using a 
Therm0 Jarrell Ash 3000 inductively-coupled 
plasma spectrophotometer, and zinc concentra- 
tions were measured using a Perkin-Elmer 2380 
atomic absorption spectrophotometer. Samples 
were periodically sampled until repeated sampling 
indicated negligible changes in pH and metal con- 
centration between sampling events. Equilibration 
time was approximately 70 days. 

The activities of Ni’+ (aq) and Zn’-(aq) were 
calculated using the program MINTEQAZ [l] for all 
experiments conducted in the absence of MOPS. 
A comparison of the MINTEQAZ and WATEQ4F [2] 

databases revealed that the relevant data used in 
these calculations are the same in each case. Com- 
bined with pH measurements, these data permit 
calculation of K,, values for nickel and zinc hy- 
droxides, which were added to the MINTEQAZ 

database, together with the K, value for MOPS 
[4]. Measured metal concentrations in experiments 
conducted in the presence of MOPS were com- 
pared with calculated metal concentrations as- 
suming no metal-MOPS interaction. 

MINTEQA~ speciation calculations performed in 
this study require the activity of H + (provided by 
pH measurement), and do not require a conver- 
sion into H + concentration values. Equilibrium 
constants calculated in this study are thermody- 
namic constants. Aqueous activities have been 
calculated using the MINTEQAZ speciation pro- 
gram for a reference state of infinite dilution, 
accounting for speciation and correcting for ionic 
strength using the Davies equation. 
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Fig. I. Calculated values of log (I,,~ rs. log (I()~ for solutions saturated Hith Ni(OH),. Ionic strength NaNO, = 0.002-0.2 M. 

3. Results 

3.1. Soluhilit~ produluc~ts 

Values of log +,J+ vs. log uoI-, - for Ni hydrox- 
ide solubility experiments conducted in the ab- 
sence of MOPS are presented in Fig. 1. A linear 
least-squares fit for experiments with ionic 
strength between 0.002 and 0.02 molal yields: 

log q+2, = - 15.42 - I .92(1og uou ~. ) (1) 

with a correlation coefficient R’ = 0.999. Using 
Eq. (1) for a value of log uoH = - 6.5 gives log 
K,,[Ni(OH),] = - 15.9. Data from experiments 
with an ionic strength of 0.2 molal yield systemat- 
ically lower values of LIP,‘_ for a given value of 
loi? IIOH * although a linear least-squares fit yields 
an excellent correlation coefficient (R’ = 1.000). 
The different values obtained from the high ionic 
strength experiments are attributed to incorrect 
modelling of activity coefficients using the Davies’ 
equation in MINTEQAJ at these ionic strengths. 

Values of log uLnz + vs. log (~)n for Zn hydrox- 
ide solubility experiments conducted in the ab- 
sence of MOPS are presented in Fig. 2. A linear 
least-squares fit for experiments with ionic 
strength between 0.002 and 0.02 molal yields: 

log II&’ / = ~ 16.70-2.01(1ogu,,,,-) (2) 

with a correlation coefficient R’ = 0.999. Using 
Eq. (2) for a value of log uou = - 6.5 gives log 
K,,[Zn(OH),] = - 16.6. As in the case of the Ni 
hydroxide experiments, data from experiments 
with an ionic strength of 0.2 molal yield systemat- 
ically lower values of log uznz + for a given value 
Of log %H , although a linear least-squares fit 
again yields an excellent correlation coefficient 
(R’ = 0.998). 

These values of K,,, compare favorably with 
previous measurements of K,,. Compiled mea- 
surements [8,9] of log K,,[Ni(OH),] have a range 
of values between - 13.8 and - 18.0, and an 
averaged log K value of - 15.6. compared to a 
value of ~ 15.9 measured in this study. Compiled 
measurements (8.91 of log K,,[Zn(OH),] have a 
range of values between - 13.2 and - 18.0, and 
an averaged log K value of - 16.3, compared to a 
value of - 16.6 measured in this study. 

Solution speciation calculations were performed 
for experiments conducted in the presence of 
MOPS and in equilibrium with Ni or Zn hydrox- 
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-5o-- - log (aa2+) = -16.70 - Z.Ol[log (am-)] : R' = 0.999 ' 
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Fig 2. Calc~~lated values of log t//,,- vs. log a,),, for mlutions saturated with Zn(OH),. lonlc strength NaNO, = 0.002 0.2 M. 

ide solid. Calculations at I= 0.2 molal were 
amended with an empirical correction factor to 
account for the inability of MINTEQA? to accu- 
rately model activity coefficients at this ionic 
strength. although this correction factor was 
small. Using the values K,, measured previously. 
calculated values of the saturation index with 
respect to Zn(OH), are plotted vs. +nY + in Fig. 1. 
and the calculated values of the saturation index 
with respect to Ni(OH), are plotted vs. log~~,~. 
in Fig. 4. The saturation index of M(OH)? is given 
by 

Saturation index 

Fig. 3 demonstrates that there is no systematic 
deviation of the value of the saturation index with 
respect to Zn(OH), for experiments conducted in 
the presence of MOPS. The spread of saturation 
indices around zero (i.e. perfectly measured equi- 
librium) is similar for experiments conducted with 
or without MOPS. This indicates that the solubil- 
ity of Zn(OH)? is not affected by the presence of 
MOPS, which implies that negligible Zn-MOPS 
complexing is taking place. 

In contrast to Zn. Fig. 4 demclnstrates that 
there is a deviation towards positive values of the 
saturation index with respect to Ni(OH), for ex- 
periments conducted in the presence of MOPS. 
with the most positive values of the saturation 
index being associated with the highest concentra- 
tion of MOPS. This indicates that the solubility of 
Ni(OH), is increased by the presence of MOPS. 
and suggests that significant NiGMOPS complex- 
ing is taking place. The measured Ni concentra- 
tions in the presence of MOPS are compared with 
the calculated Ni concentrations assuming no 
nickel-MOPS interaction. and the value of excess 
nickel is defined as 

(‘1 \iC\\ \I = ~MC‘WCd p\I ~ C~~hl.,tsd VI (4) 

Likely NipMOPS complexes include the simple 
1: I complex NiMOPS + , and also the complex 
Ni(OH)MOPS”, as Ni forms a number of NipOH 
complexes. These complexes are formed accord- 
ingly: 

Ni’ - + MOPS = NiMOPS‘ (5) 

Ni’ - + OH + MOPS e Ni(OH)MOPS” (6) 

If NiMOPS + is responsible for the increase in Ni 
concentration, then: 
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(kKC\< II = ct,cec\ VI ;,‘I ? (7) 

and a plot of log (+XCC\\ \, vs. log(rr,,? + ~~~~~~~~ ) 
should result in a straight line. If 
Ni(OH)MOPS” is responsible for the increase in 
nickel concentration, then: 

~lt:KC,\ hl = CE\W \I ;.‘I, (8) 

of Ul\i,’ 4 and (IMops have been calculated 
using MINTEQAZ. assuming that the fractions of 
Ni and MOPS present as the Ni&MOPS com- 
plex are small. i.e. values of +l _ and uhlops 
are assumed to be unaffected by NiCMOPS 
complexing. Log(uE,.Ce,a NJ is plotted vs. lo- 
g(u~lI (hjps ) and log(%,,2 + u()H ‘“McjPS ) 

and a plot of log LI~,<~.~ ,, vs. log(tr,,? + ~~~~~ in Figs. 5 and 6. Linear 
uMops ) should result in a straight line. Values respectively: 

0 25 

0’ 
c 010 

F 
a 

(2 0 05 

0 00 

-0 05 

least-squares fits give 

-5 0 -4 5 -4 0 -3.5 -3.0 

log aN,2+ 

Fig. 3. Calculated values of log [saturation index Ni(OH)?] for solutions wth MOPS concentrations = O-O.2 M 
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l”g(uE\ccas 31) = - O.I” + o.8 l [log(+,’ + ‘uM()pS ,]: being very close to the expected value of one, both 

R' = 0.906 (9) 
suggest that formation of the complex 
Ni(OH)MOPS” provides the best explanation of 

lQmkXCS% VI) the experimental data. assuming that only one 

= 7.32 + l.O3[log(u,,2 / ‘N<)H uM()ps -,I; significant Ni-MOPS complex is formed. Hence: 

R' = 0.969 (10) 

The higher value of R'. and the value of the slope 

Excess J = 7 32 + 1 03llog (a,2+.a,-.a,,,s-)l / 

ti = 0 969 l / l 
/ 

-13 0 -12 5 -12 0 -11.5 -11 0 -10 5 

log (aN,2+.a OH -.aMops-) 

Fig. 6. Calculated values of loglcr,.,,.,, u,) vs. log(u,,, .uoH ~u,,,~~~~ ). 

(11) 



and substituting an intermediate value of lo- 
g(uv,?- ‘uoHm .uMoBsm) = - 12 into Eq. (10) 
yields a value of log KN,(oH,MoPS~ = + 7.0. 

4. Discussion and conclusions 

The extent of aqueous complexing between 
MOPS and Ni’+ and Zn’+ has been experimen- 
tally measured. Complexing between Zn and 
MOPS is negligible. Although complexing be- 
tween Ni and MOPS is measurable, the extent of 
complexing is minor, especially for concentrations 
of MOPS used for the majority of biological 
experiments. An example calculation for a solu- 
tion of 1 pM Ni(NO,), + 20 mM NaMOPS at pH 
7 indicates that only 0.5% of the total Ni is 
present in solution as Ni(OH)MOPS”. 

The nature of the Ni-MOPS complex has not 
been determined, but is likely that complex for- 
mation is due to interaction of Ni” with the 
amine functional group present in MOPS. A sys- 
tematic variation of metal-amine equilibrium 
constants across the transition metal series has 
long been known (the IrvinggWilliams order 
[lo]). This results in the formation of stronger 
Ni -amine complexes than Zn -amine complexes. 
due to the crystal field:molecular orbital stabiliza- 
tion energy associated with the 38 electron 
configuration of Ni’+ , and the lack of any stabi- 
lization energy associated with the 3d”’ electron 
configuration of Zn’ + [1 11. This may explain why 
negligible Zn-- MOPS complexing has been iden- 
tified, while weak Ni-MOPS complexing has been 
measured. 
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Fluorimetric trace determination of cerium(II1) with sodium 
triphosphate 

AyqiCek Akseli *. Yener Rakicioglu 

Abstract 

Sodium triphosphate acts as a specific reagent for enhancing the fluorescence intensity of cerium(II1). The purpose 
of this study \+as to investigate the spectrofluorimetric determination of trace amounts of Ce(II1) in sodium 
triphosphate solution. The excitation and emission wavelengths are 303.5 nm and 353 nm respectively. Optimum 
sodium triphosphate concentration is found to be 0.074 g I ’ at room temperature. The fluorescence varies linearly 
with the concentration of cerium(II1) in the range 0.001-45 /rg ml ‘. The detection limit is 9.4 x 10 ’ /ig ml ~ ‘. The 
relative standard deviations for 30 icg ml ’ and 0.05 jig ml ’ Ce(II1) in 0.074 g I ’ sodium triphosphate solution 
are 1.1”;~~ and 0.72”+ respectively. Quenching effects of other lanthanides and some inorganic anions are described. 
This method is a direct and rapid analytical method for the determination of Ce(II1) in rare earth mixtures and 
cerium concentrates. 

Ke~~or-tls: Cerium determination: Fluorimetry; Molecular luminescence spectrometry: Sodium triphosphate 

1. Introduction 

The chemical properties of the rare earth ele- 
ments are very similar. Consequently. it is 
difficult. and important, to find specific reactions 
for individual ions, especially in their mixtures. 

The direct methods described in the literature 
for the fluorimetric determinations of cerium(II1) 
are the fluorescence of Ce(III) in sulphate and 
chloride solutions at different pH [lo 171, in 
perchloric acid and sulfuric acid medium [IS], in 
perchloric acid [19] and phosphoric acid medium 

* Corresponding author. Fax: + 90 212 285 6386. 

[20]. and the formation of Ce(II1) complexes with 
hydroxyethylidenediphosphonic acid [21] and 
sulphonaphtholazo resorcinol [22], in hexa- 
metaphosphate solutions [23]. The indirect meth- 
ods are the chemiluminescent reaction of lucigenin 
with hydrogen peroxide in the presence of ceriu- 
m(II1) [24]. the decomposition of 2-[(8-hydroxy- 
5sulpho-7-quinonyl)azo]-1,8-dihydroxy naphthal- 
ene-3,6-disulphonic acid with cerium(II1) [25], and 
the oxidative reaction of cerium(IV) with an or- 
ganic reagent [26 301. In contrast. fluorimetric 
determinations of Ce(IV) with an organic reagent 
[3 1.321 and determinations of some inorganic and 
organic compounds with the cerium(IV)-ceriu- 
m(II1) system have been reported [33-351. 

OOWYl40 96 Sl5.00 c 19Y6 Elseuer Science B.V. All rights reserved 
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In this paper, the fluorescence properties of 
cerium(III) triphosphate are reported and a 
rapid and sensitive method for the determina- 
tion of trace amounts of Ce(lII) in solution is 
described. 

2. Experimental 

The fluorimetric measurements were carried 
out on a Perkin Elmer 204 fluorescence spec- 
trophotometer with a 150 W xenon arc lamp. 
The fluorescence intensities of solutions were 
measured in IO mm quartz cells. The excitation 
and emission slitwidths were IO nm. The am- 
plifier gain was adjusted according to the 
fluorescence intensity. 

Standard solutions of Ce(II1) were pre- 
pared by dissolving Ce( NO,), .6H,O (Merck. 
‘-Extra Pure”) and sodium triphosphate solu- 
tion was prepared by dissolving Na,O,,,P, 
(Merck). Other reagents used were of analyti- 
cal-reagent-grade and were at least 99.5’!;) 
pure. All solutions were prepared by simply 
weighing and dissolving the undried chemi- 
cals. Ultrapure deionised water (Milli Q 
Millipore System) was employed for all 
dilutions. 

2.3. Proc~tJtllrrY~ 

Apparent fluorescence excitation and emis- 
sion spectra were measured at room tempera- 
ture and optimum excitation and emission 
wavelengths were found from these spectra. 
A known amount of Ce(I11) and 0.1 ml of 
7.4 & I ’ sodium triphosphate were pipetted 
onto a 20 ml test tube. The mixture was dilu- 
ted to 10 ml with deionized water. The fluores- 
cence measurements were made at excitation 
and emission wavelengths of 303.5 and 353 nm 

3. Results and discussion 

Ce(II1) fluoresces strongly in triphosphate so- 
lution when irradiated with ultraviolet light, and 
is the only lanthanide ion which is appreciably 
fluorescent under these conditions. Other lan- 
thanide ions do not show any measurable 
fluorescence in this solution. 

Fig. 1 shows the excitation and emission spec- 
tra of Ce(II1) ion in 0.074 g I ’ sodium triphos- 
phate solution. Maximum excitation and 
emission wavelengths are observed at 303.5 nm 
and 353 nm respectively. 

Experimental results showed that Ce(II1) in 
sodium triphosphate solution is more fluores- 
cent than in solutions without sodium tri- 
phosphate, with sulfuric and hydrochloric acids. 
For sulfuric and hydrochloric acid solutions, 
we used optimum acid concentrations given in 
the literature [8.13]. These results are given in 
Table I. 

350 

Wovelength (ml 

Fig. I. Fluorescence spectra: (a) excitation: (b) emission. 
Curkea (I ): without sodium triphosphate; curves (2): with 
sodium trlphosphate. Conditions: 30 ~cg ml-’ Ce(II1) in 

respecti\ ely. 0.0074 g I ’ sodium triphosphate. 



Table I 

Comparison of the fluorescence intensltles of Ce(lll) in different solutions. Excitation and emission wavelengths are 303.5 nm and 

353 nm respectively 

Concentration of Cellll) 

bg ml-‘) 
Fluorescence intensity 

7.5 

15.0 

22.5 

In pure aqueous In 39.2 g I 

Solutions soiution 

75 150 

I 50 300 

225 450 

The effect of sodium triphosphate concentra- 
tion on the fluorescence intensity was studied for 
two different Ce(III) concentrations (30 jig ml ’ 
and 0.05 /cg ml ’ Ce(II1) respectively). Fig. 2 
shows that maximum fluorescence intensity was 
obtained for 0.074 g 1 ’ sodium triphosphate. 

The effect of time on the fluorescence intensity 
was investigated with 30 /ig ml ’ and 0.05 pg 

l- 

0, 
0 0.2 O& 0.6 

I - 
0.0 

Conccntmtion (g/L) 

Fig. 2. Variation of fluorescence intensity with sodium triphos- 

phate concentration. Conditions: (a) 30 /lg ml- ’ Ce(lI1): (b) 

0.05 pg ml ’ Ce(IIl). Excitation wavelength: 303.5 nm; emis- 

sion wavelength: 353 nm. 

’ H,SO, In 255.5 g I-’ HCI In 0.074 g I ’ sodium 

solution triphosphate solution 

260 1800 

520 3760 

780 5760 

ml ’ Ce(II1) in 0.074 g I ’ sodium triphosphate 
solutions. Fig. 3(a: curve 1) and Fig. 3(b; curve 1) 
show that the solutions were allowed to stand 
under normal laboratory conditions. Continuous 
irradiation (Fig. 3(a; curve 2) and Fig. 3(b; curve 
2)) for 1 h causes reductions in the fluorescence 
intensity of 14.63% and 13.64% respectively. 

pH effect was studied in the range 1.35-10.80 
by adjusting the pH with sulfuric acid or sodium 
hydroxide solution. The results shown in Fig. 4 
indicate that the optimum pH range is 5.70-9.35. 
After studying a series of different buffer systems, 
it was found that only borax-hydrochloric acid 
buffer can be successfully used without causing 
any quenching. Nevertheless, in this study no 

1 
: '=I lb1 

1 

0 20 LO 60 70 

TtmeImfn) 

Fig. 3. Fluorescence intensity as a function of time. Condi- 

tions: 0.074 g I ’ sodium triphosphate solution. (a) 30 jig 

ml - ’ Ce(lI1); (b) 0.05 /rg ml ’ Ce(lIl). Curves (I): standing 

under normal laboratory conditions. Curves (2): continuous 

irradiation at 303.5 nm. 
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Fig. 4. Effect of pH on the fluorescence intensity. Condttionc 

7.5 I’@ ml ’ Ce(Ill) in 0.074 g I ’ sodium triphobphate 

solution. 

buffer was used because the pH of the solutions 
was always in the optimum range 5.70-9.35 dur- 
ing the entire procedure. 

01 
0 10 20 30 LO 50 60 65 

Temperature, ‘C 

Fig. 5. Effect of temperature on the fluorescence intensity. 

Conditions: I5 ,~g ml ’ Ce(lll) in 0.074 g I ’ sodium triphos- 

phate solution. 

As can be seen from Fig. 5, temperature effect 
is not pronounced between IO-50°C and room 
temperature is recommended. 

The calibration graph for the determination of 
Ce(III) was constructed under the optimum con- 
ditions. Excellent linearity was obtained over the 
range O.OOl- 45 irg ml ’ Ce(III). The limit of 
detection is 9.4 x 10 A ,~g ml ‘. It was calculated 
by multiplying the standard deviation of 16 blank 
measurements by three and dividing by the slope 
of the linear calibration curve. Table 2 lists the 
results of several methods used previously for the 
spectrofluorometric determination of cerium. It 
can be seen that the method proposed in this 
paper is the most sensitive. 

As can be seen from Table 3. when other 
Ianthanides are present in relatively low concen- 
trations in the sample no significant interference 
was observed. 

The effects of La(II1). Ho(II1) and Lu(II1) were 
also investigated. The amount of Ce(II1) used is 
15 Llg ml- ’ in 0.074 g 1~ ’ sodium triphosphate 
solution. 20 /lg ml ’ La(III) did not show any 
interference, whereas 40.90% and 43.18% interfer- 
ences were shown by 20 /fg ml ’ Ho(II1) and 20 
jrg ml ’ Lu(II1) respectively. 

The interference effects of diverse anions on the 
fluorescence intensity of 15 /lg ml ’ Ce(III) in 
0.074 g 1 ’ sodium triphosphate solution were 
also investigated. No interference was observed 
for 300 /lg ml ’ sulfate, nitrate, or chloride ions. 
whereas 30% interference was observed in the 
presence of 15 jig ml ’ phosphate ions. 

The procedure was applied to the determination 
of trace amounts of cerium in some synthetic 
mixtures. The results given in Table 3 indicate 
that the proposed method is suitable and can be 
successfully applied. 



Table 2 

Summary of sacral methods for the Ruorlmerric determination of ccrlum 

Reagent Limit of detectlon (jig ml ‘) Linear range (/ig ml ‘) Ref. 
- 

HSO, l.OxlO 1 -1.0x 10-l 8 
HCI 1.4x IO 2ml.4x 10-I 13 

Sulphonaphtholaroresorclnol 5.0 x IO -2 22 

Sodium hexametaphosphate 1.0~10 ’ 60 23 

Lucigemn (I)-HZ02 system 8.OXlO~‘~~l.2 24 

Oxine-5-sulfonic acid l.OxlO 1 3.1) 26 

Sodium-4.X-diamino-l.5-dihydrox~,u~~- 2.0 x IO 2 3.7 x 10-l 27 

thraquinone-?.6-dlsulfonate 

I-amino-4-hydroxyanthraquinone l.0x10 ‘~9.OXlO ’ 28 

Paracetamol 1.4x10 i 7.8x IO 2 I.12 30 

Sodium triphosphate 94x IO-’ 1.0~ IO ‘-45 Present method 

Table 3 

Analysis of the hgnthetic mlxturea m 0.071 g I ’ sodium trlphobphatc solution\ 
__.___ 

Mixture number Mixture composition (/cg ml ‘I Ce(ll1) found (/lg ml ‘) 

I ,1 Ce(7.50). La(2.50). Pr(0.68). 7.33 

Ndt2.50). Sm(O.26). EutO.0075). 

Gd(O.30). Tb(O. IO). Dq(0. I?). 

Ho(O.03). ErtO.06). Yb(O.03). 

Lu(O.01 5). Tm(O.OOI 1 

z Ce( lO.OU). hd(5.00). Sm(2.00). Gd(2.00) 9.91 

3 Gel 15.00). Sm(5.00). Tm( I .OO). Y b(2.00) 14.85 
4 Ce(22.50). Gdt5.00). Tm(2 00). Yb(2.00) 73 18 -- - 

5 Ce(30.00). Dy(3 00). Smt2.00). Nd(7.00) 79.73 
___ - ~-~ __~ ~ ~_~~ ~ 

“Thib mixture aa\ prrparcd on the basis 01‘ rrlati\e concentratlon~ of rare rarths In Monazite mineral. 

Error (‘XI) 

0.93 

0.90 
I .OO 

O.Y8 

0.90 

The precision was determined by measuring 16 
solutions of the same sample 16 different times. 
The relative standard deviations of these measure- 
ments were 1.1% for 30 jig ml ’ and 0.72% for 
0.05 jig ml ’ Ce(III) in 0.074 g I ’ sodium 
triphosphate solutions. 

4. Conclusion 

From the results presented it can be concluded 
that sodium triphosphate is a very suitable 
reagent and that the fluorimetric trace determina- 
tion of Ce(iI1) with sodium triphosphate is a very 
easy, rapid. sensitive and inexpensive new 
method. 
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Calorimetry and potentiometry of chemical oscillations in 
Briggs-Rauscher reactions with simultaneous measurements of 

the produced oxygen volume’ 

Abstract 

The Briggs-Rauscher reaction is known as a nonlinear and non-equilibrium chemical oscillation reaction. The 
reaction solution is composed of malonic acid as organic substrate. hydrogen peroxide and iodate in sulphuric acid 
as oxidizing agent. and manganese (11) as metal catalyst. The calorimetric behaviour. in terms of the total heat Q and 
the heat evolving rate y  for each chemical oscillation. was followed with the use of a heat exchange calorimeter of the 
batch type assembled by the authors. Simultaneously, the concentration of iodide ions produced as the intermediate 
species was measured as the potential difference E by the common potentiometric cell incorporated in the calorimeter 
and the released oxygen volume G was also observed by a simple flowmeter. The starting point of the peak on the 
curve of 4 against time ! coincided with that in the curve of E against f.  The switching concentration of iodide 
between radical and nonradical paths was calculated from literature values of rate constants. The heat evolving period 
of Q coincided with the period in the radical path. The curve of Q against t also coincided with that of G against t. 
The total volume of released oxygen was larger than that calculated from the stoichiometric reaction formula. 

Ke~~~tl.s: Briggs-Rauscher reactions; Calorimetry: Chemical oscillations; Potentiometry: Produced oxygen volume 

1. Introduction 

The Belousov-Zhabotinskii (BZ) reaction is 
typical of nonlinear and non-equilibrium oscilla- 

* Correspoding author. Tel.: + 813 5978 5347: Fax: + 813 
5978 5716: e-mail: fujieda@chem.ocha.ac.Jp. 

’ Presented at the 1995 International Chemical Congress of 
Pacific Basin Societies (PACIFICHEM ‘95) m the Symposium 
on Kinetic and Mechanistic Aspects of Analytical Chemistry. 
Honolulu. HI. USA. December I7 22. 199s. 

tion reactions and the reaction mechanism has 
been well studied [l]. In the best known BZ 
reaction, the oxidation of malonic acid by acidic 
bromate is catalyzed by the cerium (IV) salt or by 
ferroin (tris( l,lO-phenanthroline) iron (II) com- 
plex). 

The Briggs-Rauscher (BR) reaction was dis- 
covered in 1973 [2]. A mixture of hydrogen perox- 
ide and iodate is used in sulphuric acid as the 
oxidizing agent, and manganese (II) ion is used as 

0039-9130 96 115.00 c 1996 Elsewer Science B.V. 411 rights reserved 
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the catalyst. Malonic acid (MA) is also used as the 
organic reaction substrate. The detailed reaction 
mechanism was studied in a series of reports [3 -51. 
The reaction process is more complex than that of 
the BZ reaction, as the BR reaction is composed of 
30 elementary reactions which are divided into six 
steps. MA was expressed generally as RH [5]. 

In the stoichiometry, only reaction (1) may be 
relevant: 

IO3 +2H202+RH+H’ +RI+202+3H,0 
(1) 

However, reaction (1) is divided into reaction (2). 
reduction of iodate, and reaction (3). organic 
iodination: 

IO; + 7H,O, + H - + HOI + 20, + 2H,O (2) 

HOI+RH+RI+H20 13) 

Reaction (2) is derived from (13) + (I?) + 2(Dl) in 
Ref. [5] as a nonradical path, and also from 
2( 15) + 3(M 1) + 4( ML!) + 2(02) + (14) as a radical 
path. The chemical oscillations may be caused by 
switching between these two paths. Reaction (3) is 
derived from (I 1) + (C3) + (C4). 

De Kepper and Epstein [6] demonstrated the 
phase diagrams of complicated intermediate com- 
pounds and distinguished the existence of oscilla- 
tion and bistable steady states. 

Nakanishi and Fujieda [7] developed heat ex- 
change calorimetry [7]. Two vessels were fixed 
differentially in the water bath. Heat released in 
the reaction vessel was exchanged freely with the 
ambient water. The temperature change in each 
vessel was monitored via thermistors used as tem- 
perature sensors, and then converted to electric 
signals. The analogue computation was followed 
on line to obtain total heat effect Q and heat 
evolving rate L/. As the bath water is controlled 
precisely within a narrow temperature range, 
chemical reactions can be conducted at almost 
constant temperature. Therefore, heat exchange 
calorimetry may be a very suitable method to 
follow the thermal behaviour in the BZ and BR 
reactions. Calorimetric studies using batch-type 
[8.9]. flow-type [lo] and continuous stirred tank 
reactors (CSTRs) have been reported for BZ reac- 
tions. 

It appears that the reproducibility commonly 
used in analytical chemistry may be poor with 
respect to the period and amplitude of each chem- 
ical oscillation owing to delicate differences in 
experimental conditions. such as initial concentra- 
tions of each component, temperature and stirring 
rate. Therefore, simultaneous observations of 
chemical and physical quantities as far as possible 
are desired for an oscillation run. 

In the present report, BR reactions of the batch 
type were studied to compare with the results of 
the BZ reactions. The heat exchange calorimeter 
was assembled, the fundamental concept and es- 
sential parts being almost the same as those re- 
ported previously [8]. The common potentiometric 
cell was incorporated. The Q and q values for 
every oscillation were observed. Simultaneously, 
the oscillation behaviour of the iodide ion pro- 
duced as the intermediate species was monitored 
potentiometrically as E. The evolving rate of pro- 
duced oxygen G and the total amount of released 
oxygen were measured with a simple apparatus. 

2. Experimental 

2. I. Retrgrn t.s 

All the reagents were of guaranteed grade and 
were used without further purification. The chem- 
ical oscillation systems were composed of potas- 
sium iodate. hydrogen peroxide, sulphuric acid, 
MA and manganese(l1) sulphate. of which initial 
concentrations were in the ranges 0.040-0.080 M, 
0.20 1.44 M, 0.0180.071 M. 0.030. 0.12 M and 
0.0040-0.010 M respectively. As usual, deionized 
water was used after distillation. Solid MA was 
selected to start the oscillation reaction because of 
its rapid dissolution and ease of handling. 

2.2. Appm tus 

The block diagram of the assembled calorimeter 
system is shown in Fig. I. An acryl box of 42 x 
27 x 28 cm’ was used as the water bath and all 
surfaces were covered with thermal insulator 
boards 3 cm thick. About 28 dm3 of water was 
used in the bath, the temperature of the bath water 
being controlled by the previously reported 
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Fig. I. Schematic diagram of the heat exchange calorimeter system for the batch run 

method [l I] within < O.OOl”C at 25.O”C. Detailed 
illustrations of the sample and reference vessels 
denoted S and R respectively in Fig. 1 are shown 
in Fig. 2. The AggAgI indicating electrode (A) 
was made of a silver rod 2 mm in diameter. The 
salt bridge contained approximately 2”% potas- 
sium nitrate in agar. The electric heater (H) was 
made from a metal-wound resistor (1 % W, 49.98 

Saturated 
KCI Soln. 

L s , R 
Y 

Potentiometry 
\ J 

v 
Calorimetry 

Gas Evolution 

Fig. 2. Details of the sample and reference vessels: S, sample: 
R, reference: E. potential difference: Q. total heat: y, heat 
evolving rate; G, oxygen evolving rate; A. Ag-AgI electrode: 
T, thermistor: H, electric heater element. 

R) coated with epoxy resin. In the reference ves- 
sel, A, H, T and one end of the salt bridge were 
also installed to compensate for the effective heat 
capacity. The thermistors (MB. Technoseven Co., 
Yokohama, Japan) were installed in the S and R 
vessels as shown by T in Fig. 2. The B and R 
constants of the thermistor are defined by R = 
A exp(BT ‘). The B constants were observed to 
be 3377.5 K and 3377.7 K and the resistances (R) 
to be 5.639 kR and 5.625 kR respectively, for S 
and R at 25.O”C. Magnetic stirrers of submarine 
type (M-3, luchi Seieido Co.. Tokyo, Japan) were 
used for each vessel. The electric signals obtained 
as the unbalanced voltage of the Wheatstone 
bridge, which is proportional to the temperature 
observed as the difference between the two ves- 
sels. were converted to output voltages which are 
proportional to Q and y using the analogue oper- 
ational amplifier (Op Amp) circuit. The output 
signals were recorded against time with two strip- 
chart recorders (R-02, Rika Denki Co., Tokyo, 
Japan). 

The potentiometric cell was constructed in the 
usual manner. The potential difference E of iodide 
ions against the reference electrode. which was a 
commerically available saturated AggAgCl elec- 
trode, was monitored with a digital voltmeter and 
the strip-chart recorder. 



The evolving rate of oxygen produced during 
the BR reaction was monitored by a simple 
flowmeter (Floweye 3850 MS, Kojima 
Seisakusho. Kyoto, Japan). and the output 
voltage G proportional to the released rate 01 
oxygen was recorded against time. The total vol- 
ume released by a run was measured primitively 
with glass burettes as usual in fundamental exper- 
iments. 

The temperature of the bath water was set to 
25.O”C on the control panel. The required amount 
of water at a temperature near to 25°C was 
introduced into the water bath and the tempera- 
ture control system controlled by an g-bit small 
microcomputer (M5, SORD Co., Tokyo. Japan) 
was turned on. 50.0 g of water was used in the 
reference vessel. The required volumes of the 
stock solutions of hydrogen peroxide, potassium 
iodate in sulphuric acid and manganese sulphate 
were placed in the sample vessel which was fixed 
with the reference vessel in the water bath. After 
40 or 50 min. temperature equilibrium in the 
water bath was attained and most of the electrical 
instruments. including the Wheatstone bridge and 
preamplifier (PM-16. Toa Dempa Co., Tokyo. 
Japan), were warmed up. Then, the offset voltage 
of the Op Amp in the analogue computation 
circuit was adjusted carefully to obtain an output 
voltage small enough to record horizontal baseli- 
nes Time constants in the analogue circuit were 
fitted to corresponding constants of the calorime- 
ter by adjusting variable resistors on the circuit 
panel in the course of electrical heating. The Joule 
heat was accurately measured for the conversion 
from temperature to heat. To start the BR reac- 
tion, MA was added directly to the solution in the 
sample vessel. which was composed of iodate. 
sulphuric acid. hydrogen peroxide and Mn(II) 
salt. from the outside of the calorimeter and the 
outlet opened to the air was closed at the same 
time. The output voltages corresponding to Q. y. 
E and G were recorded on two two-pen recorders. 
After the chemical oscillation had finished. Joule 
heat was again observed. 

3. Results and discussion 

The BZ reactions comprise bromine chemistry 
and the BR reactions comprise iodine chemistry. 
Potentiometry of intermediate species, such as 
bromide and iodide, is commonly used to analyze 
the reaction mechanism of their chemical oscilla- 
tions and to study the nature of their reactions. 
Both reactions are very sensitive to temperature in 
terms of their oscillation behaviour. Therefore, 
the execution of chemical oscillation reactions at a 
strictly constant temperature may be indispens- 
able for precise estimations of chemical and phys- 
ical properties. With heat exchange calorimetry, 
chemical reactions can be conducted within a very 
narrow range of temperatures. 

In the calorimetry of chemical oscillation reac- 
tions, rapid thermal response may be indispens- 
able. The calorimetric data of BZ reactions were 
presented by several researchers [12- 141 but data 
for BR reactions are more scarce [15]. In heat 
exchange calorimetry, the response delay in the 
measuring system including a pair of thermistors 
can be expressed via a relation between the real 
temperature and the observed temperature in each 
vessel S and R using a constant B (see Ref. [7]). 
The delay constant can only be estimated experi- 
mentally, because it depends upon the assembled 
calorimeter and may be impossible to express 
mathematically. With this form of calorimetry, 
the response delay can be compensated for by 
on-line analogue computation. The speedy re- 
sponse to sudden thermal changes such as a step 
function was examined in a previous study [16]. 
Therefore, in the present work, the advantages of 
the calorimetric method were applied to study 
chemical oscillations of BR reactions at constant 
temperature and without a significant response 
delay. 

The assembled calorimeter of the batch type 
shown in Fig. 1 was examined by electric heating 
prior to chemical reactions. The evolved heat was 
monitored from 1.023 J to 11.531 J by changing 
the electric current and the operating time. The 
heat range was selected in connection with each 
oscillation of the BR reactions. The standard 
deviation for 10 runs was 0.39% of the mean (mJ 
mm ’ on the recorder used), which was precise 



Fig. 3 Typical curfew obsmed qamst time for the BR 

reaction in the wlutlon cornpwed of [H,O,],, = 1.0 M. 

[KIO,],, = 0.040 M. [MnSO,],, = 0.010 M. [H2SOl],) = 0.020 M 

and [MA],, = 0.030 M: E. potential difference; Q. total heat: q. 

heat evolving rate: G. ox)@en e\ol\ing rate. At the positmn of 

the down arrow. dn aliquot of solid MA was added to start the 

reaction. 

enough to measure the heat evolution in every 
chemical oscillation. 

Typical traces of simultaneous measurements 
for potential difference E, total heat Q, heat 
evolving rate y and oxygen evolving rate G are 
shown in Fig. 3 for a batch run. The pen differ- 
ences on recorder charts were corrected. The ini- 
tial concentrations of each species were 
[H,O,],, = 1 .O M. [KlO& = 0.040 M. [MA],, = 
0.040 M. [MnSO,],, = 0.010 M and [H,SO,],, = 
0.020 M. The start of the reaction by adding MA 
is indicated by a down arrow in curve E of Fig. 3. 
Endothermic curves in Q and y were observed as 
the heat of solution of MA to the acidic mixture 
of the other three components and some heat 
effect by iodination [I 71 as well, because it is 
possible that some iodine formation may take 
place. Detailed estimations of these heat effects 

will be discussed separately in relation to minimal 
oscillation reactions. The induction period was 
then followed for z 10 s. Heat and gas evolutions 
became more active after a time lapse of 1 min, 
and then gas evolution decreased to some extent. 
Heat evolution was 4.23 J in one cycle 1 min after 
the start, and corresponded to z 105.8 J mol- ’ 
KIO, in 0.020 M sulphuric acid. After the dura- 
tion of the chemical oscillations. a fairly large 
heat evolution was maintained for about 20 min. 
At the end of heat evolution, the release of gas 
gradually finished. The ending patterns of E (ob- 
tained from the trace of the E versus time curve in 
the final stage of chemical oscillations and the 
final voltage of E at which the oscillation finished) 
in BR reactions may be more complex than those 
in BZ reactions and depend upon many factors 
including each initial concentration. A detailed 
discussion using a chemometrics approach may be 
presented separately. 

The effect of stirring rate on the oscillation was 
examined. The influence on E was significant, 
maximum differences being about 55 mV 40 s 
after the start of the reaction with a change in the 
stirring rate from 200 to 700 rev min ‘. However, 
the effect on the oscillation period was small. In 
the present work, the rate was fixed at 400 rev 
min ’ due to calorimetric restrictions. 

The oscillation behaviour was influenced largely 
by the initial concentration of MA. In the solu- 
tion with [MA],, = 0.060 M, the oscillation period 
~‘as almost constant at 8 - 1 I s and Q was 5- 10 J 
for six runs, for which reaction solutions were 
composed of [HzO,lo = 0.72 M, [KIO,],, = 0.080 
M. [MnSO,], = 0.0040 M and [H,SO,], = 0.018 
M. However, with the solution of [MA],, = 0.030 
M. the period was gradually prolonged and Q was 
also enlarged slowly. For the BZ reaction. similar 
results were reported in the literature [1,8]. 

For discussing more explicit relations between 
potentiometric and calorimetric behaviour, q may 
be preferred to Q. One cycle of oscillation in E 
and q curves is shown in Fig. 4. The broken lines 
in the vertical direction correspond to the starting 
point and the maximum in the y curve. The 
maximum of q was not coincident with that of E. 
The switching concentration [5] was calculated 
using the literature values of rate constants [5,18]. 



The critical concentration of iodide, [I I,,.,,. can 
be obtained as (k,,)‘k,2)[KI0,],, from switching 
between (12) and (15) from Ref. [5]. The EC,,, 
relation observed at [I I,,, was obtained from 
fundamental knowledge of potentiometry to be 
EC,,,= E,- E,=( -0.15-O.O59log[I-])-0.2221 
at 25”C, where Es and E, are the potentials of 
the indicating and reference electrodes respec- 
tively. As a matter of course, nernstian response 
was examined with known potassium iodide so- 
lutions under experimental conditions as similar 
as possible. The response time was also rapid 
enough in comparison with the oscillation pe- 
riod. Increase in E corresponded to a decrease in 
the concentration of iodide ion. EC,,, correspond- 

ing to 11 I,,,, was calculated to be ( 1) - 5.0 mV 
for [KIO,],, = 0.079 19 M using rate constants [ 181 
of k,, =2.0 x 10’ M-’ s ’ and lili= 1.516 x 10J 

9.961 x 1O-9 t lO0 
I 

[I-]/M EimV mV 

t/s t 

Fig. 4. One cycle of oscillation to compare E and q against 
time. The initial concentrations were as follows: [H202],,. 
0.7171 X4: [KIO,],,, 0.07919 M; [MA],,. 0.02998 M: [MnSO,],,. 
0.009001 M: [H,SO,],,. 0.07094 M. Switching concentrations 
calculated [18]: (1) from Noyes and Furrow; (2) from De 
Kepper and Epstein. 

M’s ’ from Noyes and Furrow (1982), as 
shown in Fig, 4. However, for the same concen- 
tration of potassium iodate. E,.,,, was (2) 72.7 
mV using rate constants [IS] of k,, = 2.0 x IO” 
M ‘s~‘andk,,=7.3x107M~‘s~‘fromDe 
Kepper and Epstein (1982). In the case of 
[KIO,],, = 0.03959 M, EC,,, was obtained similarly 
as (1) 13.4 mV and (2) 91.3 mV. Since each 
initial concentration in this work was not ad- 
justed to the literature values, agreement between 
experimental and calculation is not necessarily 
expected. Roughly speaking, when E is larger 
than the value (1). reactions in the radical path 
may be in the active stale, and when E is smaller 
than (I ). those in the nonradical path may be in 
the active state. The starting point of the peak 
on the E curve coincided with that of q. This 
means that heat evolution may begin instanta- 
neously on switching to the radical path. In BZ 
reactions a Fairly large heat evolution in each 
oscillation was observed in batch runs [8] and 
with a CSTR [lo]. However, with minimal oscil- 
lations in solutions composed of Ce(III), bro- 
mate, bromide and sulphuric acid, heat evolution 
was not detected [17]. Of special interest here is 
the absence of MA. As for BR reactions, heat 
evolution may be involved in the process includ- 
ing the MA, even if an exothermic reaction is 
not included in the radical path. 

The maximum y observed in Fig. 3 was 1.88 J 
S ’ (or 37.62 m W cm ‘) for a sample volume 
of 50.0 cm?. Lamprecht [15] also measured the 
heat evolving rate and estimated it to be 2 m W 

’ in the same volume of a mixture of 
rf?202],, = 3.6 M. [KIO,],, = 0.20 M, [MnSO,], = 
0.020 M. [HClO,],) = 0.15 M. [MA],, = 0.15 M 
and 0.01% of starch. In the present work. the 
corresponding value was much larger than that 
of Lamprecht. However, there were several dif- 
ferences between the methods such as experimen- 
tal technique, initial concentrations of species, 
inclusion of starch, and the use of perchloric 
acid instead of sulphuric acid. 

Roelofs [19] estimated the reaction enthalpy as 
AH = - 565 kJ mol- ’ IO, for IO, + 6Hz0, + 
RH+H + + RI + 40, + 7Hz0, instead of reac- 
tion (I). In the present study, the total Q from 
the beginning to the end of oscillations 
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amounted to 2.0 kJ or 1 .O x 10’ kJ molt ’ IO? . 
which was almost twice that found by Roelofs. 

The maximum of E corresponded to the mini- 
mum of G. The most active period in the radical 
reaction may correspond to the period of low- 
ered gas evolution. 

Accurate estimation of the released oxygen 
volume was considered to be necessary for the 
correction of heat released by oxygen evolution. 
The total volume of oxygen released was mea- 
sured for several combinations of three concen- 
trations of hydrogen peroxide (0.36, 0.72 and 
1.44 M) and MA (0.030, 0.060 and 0.120 M) 
with 0.079 M [IO, lo. All the observed volumes 
were larger than those calculated from reaction 
(1) at 25.O”C. However, some elementary reac- 
tions involving oxygen production exist which 
were not included in the fundamental equations 
[5]. Therefore, the observed volume may be 
larger than those calculated. Unfortunately, how- 
ever, the correction for heat released was impos- 
sible due to the lack of the heat of gas 
evolution. Degn [20] also reported the released 
volume of carbon dioxide in the BZ reaction 
with simultaneous measurement of the potential 
differences of platinum and platinized platinum 
electrodes. The oscillations of oxygen release ob- 
served for the BR reaction in the present study 
were essentially similar to those for the BZ reac- 
tion given in the literature. 
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Abstract 

The synthesis and spectral characterization of several tetra-substituted aluminum 2, 3-naphthalocyanine dyes for 
the determination of metal ions is reported. The synthesis is done by means of a homogeneous phase reaction, 
replacing the previously used heterogeneous method. The new scheme allows for improved product yields, higher 
purity, better product reproducibility and can be monitored at different stages using UV-Vis-near-infrared 
spectroscopy. The incorporation of electron-donating or -withdrawing groups was found to influence the product 
yield and to cause a shift in the absorbance maximum. The typical shift in the excitation maximum (of up to 27 nm) 
enables the dye to match the output of semiconductor laser diodes. In addition the tetra-substituted groups were 
capable of undergoing an ion-exchange process with the metal ions which produced a change in the fluorescence 
signal of the dye. Similar results were achieved using an optical fiber metal probe. The detection of metal ions using 
the near-infrared dyes was accomplished via steady-state fluorescence using both a commerically available instrument 
and a fiber optic system and also via the fluorescence lifetime technique. 

K~JxYN~/.s: Fluorescence; Fluorescence lifetime: Metal ions: NIR: Probes 

1. Introduction 
have been shown to be a good method for the 
rapid determination of metal ions 13381. Com- 
pared to the conventionally used methods-(atomic 
absorption, inductively-coupled plasma (ICP) 
emission and ICP-MS), OFCDs are smaller and 
more cost efficient [9, lo]. The principle behind the 
OFCD is the ability to excite a molecular dye and 
then detect its emission signal via fiber optics. In 
the present study the authors have synthesized 

The development of a rapid method to deter- 
mine metal ions in the environment has become 
the major priority of many health organizations 
[1.2]. Optical fiber chemical detectors (OFCDs) 
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several molecular dyes with the ability to bind 
metal ions through an ion-exchange process. 

Most OFCDs reported in the literature was 
UV Vis fluorophores such as rhodamine, fluores- 
cein and their derivatives [4,11 141. However. 
many of these probes suffer from spectral interfer- 
ences either from other molecules with similar 
properties to the molecular probe or by direct 
interference [15-- 171. For instance, many different 
polyaromatic hydrocarbons have emission spectra 
in the 200%600 nm region where many UVVis 
fluorophores also exhibit absorbance or fluores- 
cence [18]. Also, assuming the fluorescence has 
been sufficiently quenched, the Raman shift (espe- 
cially in water) may interfere with the fluorescent 
signal. The near-infrared (NIR) region (700- 1000 
nm) can be used as an alternative region of analy- 
sis for the application and developement of opti- 
cal fiber metal probes. This particular region 
exhibts low background interference from many 
molecules and is ideal when laser diode excitation 
is coupled with silicon photodiode detectors to 
allow for a very sensitive detection system [lo. 191. 

We are currently interested in the synthesis and 
development of new near-infrared dyes (NIRDs) 
that can be used in optical fiber applications. 
especially for the determination of metal ions 
[19P21]. The aluminum naphthalocyanine family 
of dyes characteristically exhibits a sharp Q-band 
at z 780 nm which was found to be well suited for 
laser diode excitation. The Q-band is also well 
separated from a stronger band at 2 340 nm 
which minimizes band overlap [X23]. The 
Stokes’ shift exhibited by the dyes is very small, 
and can cause broadening of the emission band 
due to scattered light [24]. However, this can be 
resolved by exciting the NIRD at a wavelength 
blue-shifted with respect to the absorbance maxi- 
mum or by using a bandpass filter. Exciting at a 
wavelength blue-shifted with respect to the ab- 
sorbance maximum will cause the intensity of the 
emission band to be slightly lower but can be 
enhanced by increasing the output power of the 
light source. 

We report in this paper the synthesis and spec- 
troscopic characteristics of several new tetra-sub- 
stituted aluminum 2,3-naphthalocyanine (AlNc) 
dyes synthesized in homogeneous phase which can 

be followed by using UVVissNIR spectroscopy. 
In earlier reports, the synthesis of AlNc dyes in a 
hetergeneous phase involved several disadvan- 
tages, such as low yields. complicated steps and 
random reproducibility [22,23]. The procedure re- 
ported here permits better control of the synthesis 
of the dye and significantly improves the final 
yield of the product. Also, the effect of the sub- 
stituent moiety and the use of different solvents in 
the preparation of the NIR dyes will be examined 
to show their effect on the final product. The 
tetra-sulfonated AlNc derivative was used since its 
absorbance maximum (7X 1 nm) was a good match 
for the wavelength output of the laser diode (780 
nm). Results comparing the changes in the photo- 
chemical properties of the unbound and metal- 
bound tetra-sulfonated AlNc dye will be 
presented. 

To determine the utility of the tetra-sulfonated 
dye in optical fiber probe applications, the dye 
was entrapped in a permeable polymer and the 
polymer attached to the probe support. As the 
metal ions move towards the dye, the metal ions 
exchange with the H- on the HSO, inside the 
polymer matrix and, upon laser diode excitation, 
the fluorescence is acquired. Assuming a 1:l ratio 
and that no other interfering ions take part in the 
equilibrium, the association of metal ions, M’. 
with the NIRD can be represented as 

[M+]+[D-] = [DM] 

where the square brackets indicate molar concen- 
trations of the metal ions, the NIR dye (D-) and 
the dye-metal complex (DM) formed. At equi- 
librium. the binding of the metal ions to the dye 
(entrapped by the polymer at the end of the 
fibers). can be expressed as the optical fiber asso- 
ciation constant Ktlp, where K,,,, = [DM]/[M][D]. 

The optical fiber association constant of the dye 
can be determined by 

I 1 

I,. kD, 
(1) 

where I, is the intensity of fluorescence measured, 
k is a constant dependent upon the quantum 
efficiency of the fluorescent process and DT is the 
total concentration of the dye [25]. At low concen- 
tration, a plot of l:Ir vs. 1 [M] produces a straight 



Table I 
Selection of organic solvent for the reactlon of the naphthalocyan~ne compounds 

Solvent Boiling point (“C) Reactlon 

Time (h) Yield ( <I) 

Tetralin 207 4 
Anisole I54 1 
Quinoline 238 2 
I -Chloronaphthalrnr ‘59 -. 2 
Nitrobenzene 211 3 
I .3,5-Trichlorobenzene 208 J 
I .2,4Trlchlorobcnzene 214 3 
I .I-Dichlorobenrcne 180 7 
Benzonitrilr 18X 12 

line which can be used to calculate the optical 
fiber association constant. K,,,,, from the slope. 

2. Experimental 

A solution of 5.0 g (28.0 mmol) of 2.3-di- 
cyanonaphthalene and 100 ml of 1 Z-dichloroben- 
zene was refluxed. Then 14 ml (14.0 mmol) of 1 M 
AlCl, in nitrobenzene (about twice the amount 
stoichiometrically required) was added. The reac- 
tion mixture was refluxed for 7 h and monitored 
every 30 min by a UV-VissNIR spectrometer for 
product formation and by TLC to check the 
starting material. The reaction mixture was cooled 
to room temperature and the solvents removed by 
steam distillation. The suspension obtained was 
filtered under pressure and washed thoroughly 
with acetone. The purity of the product was ver- 
ified by ‘H NMR and C. H analysis (Table 1). 
The residue was extracted with acetic acid in a 
Soxhlet extractor and reprecipitated from concen- 
trated sulfuric acid. The dark-green product was 
dried sat 125°C (yield 4.80 g. 88%). 

The initial step of the synthesis of the substi- 
tuted AlNc dyes began with nrtho-xylenes 1 
(Aldrich). All other intermediates (2. 3, and 4) 

Solubiht> 

Low solubility of AICli 
Strong complex formation 
Sodium complex formation 
Moderate solubility 
Very good solubilit) 
Solid at room temperature 

Competitlon wth starting material 

and the final dyes 5 were purified by a column 
chromatography on silica gel. A scheme of the 
reaction steps used in this synthesis is shown in 
Fig. 1 and some of the substituted AlNc NIR dyes 
prepared using this scheme are shown in Table 2. 
The final products were characterized by tradi- 
tional ‘H NMR, IR and C. H analysis (which had 
shown agreement in the ranges C k 0.3 and H f 
0.1) and purified by reverse-phase HPLC. using 
RPClX were aqueous solvents. Fig. 1 also shows a 
typical structure of the AlNc dyes with the tetra- 
substituted groups located in the outer benzene 
ring. 

All starting materials were obtained from 
Sigma. All other organic and inorganic reagents: 
sodium hydroxide, sodium chloride, lithium hy- 
droxide. lithium chloride, potassium hydroxide, 
potassium chloride, tetralin, anisole, quinoline, 
1 -chloronaphthalene. benzonitrile. 1,3,5- 
trichlorobenzenethanol. 1.2,4-trichlorobenzene, 
I ,2-dichlorobenzene, nitrobenzene, cadmium chlo- 
ride, and ammonium hydroxide were obtained 
from Fisher Scientific. Spectragrade methanol was 
obtained from Aldrich. 

For the metal ion investigations. stock solutions 
of 1000 ppm were prepared to provide suitable 
metal ion solutions. All successive dilutions were 
made from the stock solution in 5 ml vials using 
ultrapure water provided by a Nanopure water 



Table 2 
Synthesis and properties of substituted AlNc 

1 R’ A: 2 R; 
ref.. 

.~~ 

H 
0,N 

c H 
d NC- 
e H 

f HZNm 29 f CF,CONH 
H,-N 29 H 
HO L H 
HO L CH,COO 

H 
Br 
F 

f H,N 31 SC‘N 
HOOC 32 H 
HOOC ’ PhOOC 
HOOC ii Ph,NOC 
HINm 33 H 
H,N 34 H 

R; 

H 
H 
0,N 
H 
NC 
H 
CF,CONH 
PhCOO 
H 
CH,O 
H 
H 
H 
CH,OOC 
H 
H 
Phth = K ’ 
DPM=K ’ 

4 Time Yield 

(h) (“Cl) 

a 7 88 
b 3 91 
c 25 0 
d 5 79 
e 25 0 
f 5 51 

5 32 
I4 2s 
16 0 
‘5 54 

3 67 
3 58 
4 55 

20 0 
IX 51 
IO 7- 
13 42 

8 59 

5 i,,,,” B: 6 

(nm) ref. 

a 788 27 a 

b 776 28 b 
c 
d 770 ’ d 
e 
f 787 30 b 

794 30 
791 

HO,Sm 753 
H,N 825 

H OOC 780 

H,N 825 
H,Nm 830 

808 
785 
783 
793 

790 f d HOOC- 780 
78X ’ d HOOC- 780 
805 33 H2Np 830 
797 33 H,Np 830 

.’ The spectra were recorded in MeOH (or with ~71:~~ DMSO to induce dllutlon). 
h Absorbance maximum of 6 is pH dependent. reported wavelength is for pH 7. 
v PhCOCl or MeCOCl respectively, Et,N. CH,CIL. 0°C. 
‘I PhOH or PhzNH respectively. POCI,. toluene. reflux. 
’ Phth: phthaloyl-, DPM: 2.3-diphenylmaleoyl-. 
’ Reflux in a mixture of 48”!# HBr and lOO”i~ AcOH. 

purification system (Barnstead’Thermolyne Corp., 
Dubuque IA). Fresh dye samples were prepared 
as necessary using a lo- ’ M stock solution of the 
NIR dye. Each sample of dye was dissolved in 
methanol unless otherwise specified. Some of the 
dyes required the addition of small amounts of 
DMSO ( ~2%) as a co-solvent to increase solubil- 
ity in methanol. Solutions of 10 ’ M metal ion 
with 10 ’ M NIRD were prepared and stored in 
a freezer only for the duration of the experiments. 
All data reported were obtained at 20°C. 

2.4. Appur-utus 

A Perkin-Elmer Lambda 2 UV-Vis-NIR spec- 
trometer was used for the absorption measure- 
ments The spectrometer was interfaced to a 
Zenith 286 computer equipped with a PECSS pro- 
gram to store data and control the spectrophoto- 
meter. Quartz cuvettes (Fisher) were used to 
house the samples for absorbance measurements. 

Samples were prepared for relative comparison by 
diluting the dye stock solution to an absorbance 
intensity of 0.1. Under the conditions used in 
these experiments, reproducible absorbances of 
0.25% f 0.08% were obtained. Fluorescence mea- 
surements were conducted on a SLM8000 Aminco 
spectrofluorometer using an external laser diode 
excitation source. Laser diodes (Toshiba or 
Sharp) of 750-830 nm output wavelengths were 
used as the excitation source. The spectrofluoro- 
meter detector was operated in the photon count- 
ing mode at 1000 V. A PS:~ PC system controlled 
the data acquisition and stored the data automat- 
ically for later analysis. Slit widths of 4 mm were 
used during the experiments. A 12.5 &- 10 x 1 mm’ 
Herasil (near-UV Silica) cell with all sides opti- 
cally polished (3.5 ml) was purchased from Starna 
for fluorescence investigations. 

The fluorescence lifetimes were measured on an 
ISS K2 multifrequency phase fluorometer (Cham- 
paign IL). The light source was a 3.50 W Xenon 



Table 3 
R’ group selectkit) for compound 5 m Fig. I 

Reaction Duration 01 
reaction (h) 

Yield (“:I) 

opening of the fiber bundle and a collecting lens 
(Melles Griot) was used to focus the signal from 
the excitation fiber. 

Prefabricated probes were allowed to soak for 
IO min in distilled water. Sampling was done of 
controlled concentrations from lowest to highest. 
The fluorescence signal was then recorded after 
immersion for 2 mm to allow for ion equilibra- 
tion. The probe was then removed, rinsed with 
distilled water and sampling of the next ion con- 
centration was done. 

2.5. Opt&l fiber uppirutu.v 3. Results and Discussion 

(a) Withdrawing H 3 IO 51-91 
(b) H Donating 8 25 25- 59 

CC) Donating H No product 
Cd) H Withdrawing No product 
(c) A sm.& exceptlon to this observatmn exists in the case of 4f and 4g. whxh behave similarly to 4a. However, their sensitivity 
towards AICI, allows only moderate yelds. 

arc lamp and the signal was modulated by a 
Marconi model 2022D frequency synthesizer. The 
emitted light was modulated and detected via the 
combination of a second Marconi 2022D fre- 
quency synthesizer and a EN1 525LA amplifer 
coupled to a Hamamatsu R928 photomultiplier 
tube. Glycogen in water was used as the reference 
scattering solution for all observations. In cases 
where the emission band was close to the excita- 
tion band, excitation and emission polarizers were 
set at 0” and 55’ respectively to maximize the 
signal. 

The optical fiber apparatus used for the detec- 
tion of metal ions has been discussed previously 
and only major characteristics will be presented 
here [26]. Fig. 2. shows a cross-section diagram of 
the probe that has been used in these investiga- 
tions. The unit was composed of two plastic 
fibers, one connected to the laser diode (Toshiba 
LT023MFO) and the other to the detector (sili- 
con photodiode). The ends of the fiber not at- 
tached to the detector or laser diode were fused 
together with poly (methyl methacrylate) 
(PMMA). The PMMA served as a support for the 
dye entrapped in the permeable polymer, poly 
(2-hydroxyl ethyl methacrylate) (PHEMA). A so- 
lution of dye with PHEMA polymer was coated 
onto the support and allowed to air dry. A 1.5:l 
polymer:dye ratio was sufficient to collect the 
fluorescence signal. The optical probe was inter- 
faced to the instrument using the fiber attachment 
of the instrument to the emission port. The opti- 
cal fiber was positioned perpendicular to the 

The use of a homogenous reaction phase al- 
lowed for better product yields and a faster over- 
all synthesis time (Table 2). The use of different 
solvents significantly minimized the reaction 
times. The results of these investigations are sum- 
marized in Table 3. The number and amount of 
isomers formed as final product were found to be 
solvent dependent. In some solvents, the forma- 
tion of several isomers were unavoidable and 
could not be controlled, making the purification 
process and isolation of the desired dye more 
tedious. The purification of compound 5 was 
found to be dependent on the properties of R’ 
which indicated what solvents were appropriate 
for the synthesis. Compound 5 (if R’ # H) sym- 
bolized the structures of the four possible isomers 
that may have been introduced as by-products. 

The nature of the R’ moiety was found to 
significantly influence the physical and photo- 
chemical properties of the molecular dye. The 
data suggest that better product yields were ob- 



Table 3 
Spectroscopic characterlstu of the 2.3-AINc der1\ateb 

Al-2.3.hc 

(5O,N), 
(i-NC), 
(SFI, 
(S-HOOC), 
I-TFA-NHI, 
(S-PhOOC), 
(S-Ph,NCOt, 
(HO,S), 
(6.H,N )A 
(6.DPM = h jq 

- 

',,,,I\ CL, 
~_______ ___ (*I 

Ex (nml Em (nm) 

765 7: -3 6.80 
:62 766 
781 787 18.9 
794 x03 
772 77: 45 2 
786 7YO 7x I 
7x4 785 70.3 
781 783 33.5 
831 n.f. n.t 
7L)’ XOI 17.7 

..~ 

tained vvhen Rj, was an electron-withdrawing 
group and Rij was a hydrogen substituent than 
when Rt was a hydrogen substituent and Ry$ was 
an electron-donating group. No final product was 
obtained when Rt was an electron-donating group 
and R;, was a hydrogen substitutent or when Rz 
was a hydrogen substituent and Ra was an elec- 
tron-withdrawing group (Table 3). The introduc- 
tion of electro-withdrawing and-donating moieties 
also caused shifts in the absorbance maxima. 

During the synthesis of the naphthalocyaninc 
compounds, we also observed that if 4 contains 
an oxygen link to a carbon, an extra equimolar 
amount of AlCl, per oxygen was needed to com- 
pensate for complexation losses (reaction time 4 
h). Also, some polyaromatic by-products (&,,, = 
400&600 nm) resulted from the interaction of 
AICI, and l,2-dichlorobenzene if excess AlCl, was 
used or the reaction time was too long (more than 
10 h). This method was also successful with AlBr, 
and GaCl,. The photochemical properties of the 
tetra-substituted dyes are found in Table 4. 

Most of the spectral changes that we have 
observed using the sulfonated NIRD in the pres- 
ence of metal ions were blue shifts of the Q-band 
at 2783 nm. In the presence of Cd’+, the ab- 
sorbance maximum shifted to 755 nm. With 
Mg’+ present in solution, the fluoresence signal 
decreased without a blue shift in the wavelength 
of the emission band. Similar results were ob- 
served with Ba’- and Cd’ _. Of the ions investi- 
gated. Pb’& and Li’ had the strongest effect on 

Log;.) r 
(I mol ’ cm ’ ) InhI 

4.31 
3. I5 
4.18 
3.76 
4.10 
n.a. 
4.21 
5.00 
II. ii. 
3 66 

I .75 & 0.001 6.49 
4.05 & 0.001 2.87 
3.47 2 0.004 8.61 
3.13 IO.01 I 10.35 
3.45 jy 0.066 3.62 
3.21 & 0.001 3.95 
?.S4 * 0.039 3.62 
2.92 * 0.010 5.41 
n.f. n.f. 
2.46 & 0.001 4.20 

the photophysical properties of the dyes. The 
effects of PbCl, and PbAc, were almost identical 
and the changes occurring in the dye resulted 
soley from the presence of Pb’+ and not the 
counter ion. Similar results were obtained with 
lithium. 

Even though the presence of the counter ions 
using lead and lithium was not significant, other 
counter ions showed an effect in the absorbance 
maximum of the dye, namely OH-. A greater 
blue shift is observed in very basic (OH-) solu- 
tions than with Cl ions. as shown in Fig. 3. The 
presence of OH in the microenvironment of the 
dye increased the n-+ 71* transition gap of the 
molecule as measured by the larger blue shift of 
the Q-band. This may have been due to small pH 

Fig. 1. General procedure used in the synthesis of tetra-substi- 
tuted All\ic dyes where R represents different moieties. 
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Fig. 2. Cross-section diagram of an optical fiber probe used in 
this investigation. One fiber is used for excitation and the other 
is used to collect the fluorescence signal. The darker region 
represents the area where the optical fiber is collecting most 01 
the fluorescence signal. In one set-up the detector was part of 
an in-house unit and in the other the probe was Interfaced to 
an ISS K? Huorometer. 

changes in the microenvironment of the dye due 
to the strong stretching and bending modes of the 
OH- groups in the NIR region. If the OH- 
group was interacting only through ionic interac- 
tions at the peripheral rings. a red shift would 
have been produced; however. this was not ob- 
served since the OH groups were acting in a 
different dye location. Another strong possibility 
is the effect of the OH groups on the central 
atom, aluminum. The observed changes may be 
attributed to the effect of the extra orbital of the 
central atom, that disturbs the electron cloud of 
the inner nitrogens. The increased Van der Waals 
forces between the OH- groups and the metal 
may have increased the X+ X* transitions gap, 
especially for the a,,,+e, energy transition, thus 
producing the observed shift. The Van der Waals 
forces were the result of a strong hydrogen bond 
between the two center nitrogen atoms that are 
only partially bonded to the central atom. Steric 
hindrance by electrostatic repulsion between the 
extra molecules then changes the symmetry of the 
structure of II:,,. Further evidence of the effect of 
pH was observed at extreme levels (pH = 3 or 
pH = 9) where the absorbance maximum in- 
creased, therefore also affecting the molar absorp- 
tion coefficient. Under neutral conditions. the 
molar absorption coefficients were 78 000 and 
5000 for the ( H0,S)4 (5-O?N), dyes respectively. 

Under basic conditions (0.1 M NaOH) the ab- 
sorption coefficient increased to 340 000 for the 
(HO,S), dye and 7000 for the (5-O,N), dye. A 
similar increase was observed under acidic condi- 
tions when using 0.05 M HCI where the molar 
absorption coefficient increased to 105 000 
(HO,S), and 6600 (5-O?N), respectively. 

Using laser diode excitation. the dye was de- 
tectable at the picomolar level. At low metal ion 
concentrations (1-5 ppm) a plot of the fluores- 
cence signals versus the metal ion concentrations 
produced straight lines with correlation values of 
around R = 0.9. However, beyond 5 ppm the 
signal began decreasing as linearity diminished. 
This phenomenon was due to a blue shift of the 
absorbance band, which caused a mismatch with 
the wavelength output of the laser diode allowing 
for excitation on the right side of the absorbance 
band which gave a lower fluorescence signal. 

The fluorescence stability of these NIR dyes 
was excellent when left at room temperature or 
stored at 4°C with no special treatment. The 
excitation source was applied to the NIR dye 
solution only when the fluorescence intensity was 
to be measured, to circumvent the possibility of 
photobleaching. A plot of the measured fluores- 
cence signal for several of these dyes remained 
unchanged during these investigations. The aver- 
age normalized intensity, after 28 measurements 
(30 min intervals), was 1.02 with a standard devi- 
ation of 0.01. which may have been due to solvent 
evaporation. 

The fluorescence lifetime of the tetra-sulfonated 
dye with no metal ions present is 2.92 ns, as 
shown in Fig. 4. The fluorescence lifetime of the 
other naphthalocyanine derivatives varied from 
1.75 ns to 4.00 ns, as shown in Table 4. In the 
presence of metal ions (Li’. Na’, K’ and Rb-), 
the fluorescence lifetime of the tetra-sulfonated 
dye decreased. The lifetimes were measured to be 
1.56 ns. I .53 ns, 1.50 ns and 1.43 ns respectively. 
This trend was found to be consistent with the 
ionic radii of the metal ions. As the ionic radii 
increased, the fluorescence lifetime of the dye 
decreased. 

Typical response times of the probe (to 95% of 
the steady-state response) varied between IO and 
80 s. The longer times measured were at higher 
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Log [K + ]8(g$L; ’ 
Fig. 3. Blue shift of the absorbance maximum of 4 sulfonated 

dye. The nature of the cotmtcl- Ion produced different shifts A 

larger shift uas obher\ed using OH rather than Cl counter 
Ions. 

metal ion concentrations. This difference may be 
attributed to a decrease in free volume in the 
polymer matrix or saturation of either of the 
binding sites of the dye. As the metal ions pene- 
trated the matrix there was less free volume for 
the ions to move inside the matrix and therefore 
they became concentrated at the surface of the 
probe. 

To determine the dynamic range of the optical 
probe. several controlled concentrations of metal 
ions were prepared. The tetra-sulfonated dye 
showed a good response to changes in metal ion 

-,‘ \‘-I 

FIN. 4. Frequency-dependent demodulations and phase shifts 

for the tetrasulfonated Alhc dye taken in methanol using dn 

excltatlon \\aavelength of 7X3 nm. The measured fluoreacencc 

hfetime of the dye i\ 1.92 ns. 

concentration. Probes prepared with 1:l and 3:2 
polymer:dye ratios produced linear responses 
from 0 and 10 ppm and optical constants of 
1.93 x 10h Map’ and 2.27 x IO6 M-‘. The small 
difference between the two probes may have been 
the result of the difference in the amount of dye 
loaded. 

4. Conclusion 

The synthesis of tetra-substituted AlNc dyes in 
a homogenous phase was successfully accom- 
plished and followed by UVVis+NIR spec- 
troscopy. The photochemical properties of the 
dyes were determined and were applicable for the 
determination of metal ions. The data shown here 
demonstrate the use of a NIRD for the detection 
of metal ions comparable to the dyes used in the 
UV -Vis region. We have also demonstrated a 
very practical synthesis scheme with improved 
product yields. Additional work in this area will 
be directed towards the development of NIRDs 
that can be made more sensitive to specific metal 
ions by introducing crown moieties. There are 
many potential applications of NIR OFCDs for 
the determination of metal ions and their utility 
for the detection of metal ions may not be their 
only application. Investigations are also currently 
under way to evaluate their efficacy as pH probes. 
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Permselectivity of neurotransmitters at overoxidized 
polypyrrole-film-coated glassy carbon electrodes 
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Abstract 

The permselectivity of neurotransmitters such as dopamine. epinephrine. and norepinephrine at overoxidized 
polypyrrole (OPPY)-film-coated glassy carbon electrodes has been investigated. The chemically-modified electrodes 
exhibit attractive permselectivity and antifouling properties of rejecting anionic species, e.g. ascorbate. etc. Compared 
with the response of neurotransmitters at modified electrodes overoxidized in phosphate buffer solution (pH 7.4) 
higher sensitivity and reversibility response can be obtained at modified electrodes overoxidized in sodium hydroxide 
solution. The effect of film thickness on the permselective response was tested. Rotating disk electrode experiments 
were used to determine the apparent diffusion coefficients of several electroactive solutes in the OPPY films. The 
influence of the hydrophobicity of the organic ions on the permeability within the polymer films was discussed. 
Dopamine and epinephrine were determined at the I x IO- ‘- 1 x 1(V4 M level by means of voltammetry after an 
exposure period of 2 min in 0.1 M phosphate buffer (pH 7.4) with detection limits of 8 x lo--’ M and 6 x lo-’ M 
respectively. 

Ke~~wrds: Neurotransmitters: Permselecttvity: Polypyrrole-film-coated glassy carbon electrodes 

1. Introduction 

In recent years there has been extensive interest 
in the field of polymer-modified electrodes [ 1.21. 
Such sensors hold great promise for increasing the 
selectivity, sensitivity. and reproducibility of 
voltammetric measurements [3,4]. Chemically- 
modified electrodes have also been developed for 
the electrochemical determination of neurotrans- 

* Corresponding author. 

mitters both in vivo and in vitro [5,6]. The 
voltammetric responses of the neurotransmitters, 
however, usually suffer from the interference of 
ascorbic acid which usually coexists in vivo as 
anions in high concentration. 

Overoxidized polypyrrole OPPY-film-modified 
electrodes have been studied previously [7-91. 
These electrodes are easily prepared by electro- 
polymerization of pyrrole monomer with subse- 
quent overoxidation treatment. It is known that 
the electrical conductivity is lost upon irreversible 

0039-9140 96 $15.00 T 1996 Elsevier Science B.V. All rights reserved 
PI1 SOO39-9130(96)01990-X 



oxidation of polypyrrole at quite positive poten- 
tials [lo,1 I]. although the films still possess ionic 
conductivity. The OPPY films have been sho\vn 
to possess excellent cation permselectivity. To 
our knowledge. although there have been several 
reports [ 12,131 of the electrochemical properties 
of dopamine (DA) at OPPY-film-coated elec- 
trodes prepared by different procedures. the 
permselectivity and voltammetric behaviour of 
other catecholamines, e.g. epinephrine (EP) and 
norepinephrine (NE), at the modified electrodes 
have not been reported. The biogenic amines co- 
exist with dopamine. ascorbic acid (AA) and 
uric acid (UA) in vivo. Clarifying their permse- 
lectivity and voltammetric properties at OPPY- 
film-coated electrodes is desirable for the 
development of the polymer-film-modified elec- 
trodes as neurotransmitter sensors. In this pa- 
per. the voltammetric responses of the 
OPPY-film-modified glassy carbon (GC) elec- 
trodes for DA, EP and NE as well as AA at 
physiological pH are evaluated. The apparent 
diffusion coefficients of DA. EP. etc. arc deter- 
mined by rotating disk electrode (RDE) experi- 
ments. The results of the study show that the 
OPPY-film-modified electrodes exhibit attractive 
permselective and antifouling properties. 

2. Experimental 

All electrochemical experiments were per- 
formed with an EG&G PARC Model 273 po- 
tentiostat galvanostat and 21 Hewlett Packard 
X Y recorder. An electrochemical cell with 
three electrodes was used for both the electro- 
polymerization and electrochemical determina- 
tions. A bare or OPPY-film-coated GC disc 
electrode with an area of 0.20 cm’ (Beijing Insti- 
tute for Artificial Crystals) was used as working 
electrode. a platinum foil was used as auxiliary 
electrode and a saturated calomel electrode 
(SCE) as the reference electrode. All potentials 
were recorded relative to the SCE. 

Pyrrole (Fluka) was purified by double distil- 
lation and was stored in a refrigerator. DA hy- 

drochloride, NE hydrochloride. UA (Sigma), EP 
(Fluka), catechol and AA (Fisher) were used as 
received. All chemicals were of reagent grade. 
All solutions were prepared with doubly-distilled 
water and were degassed with high purity nitro- 
gen for 10 min. Nitrogen was passed over the 
solution during the electrochemical measure- 
ments. 

The GC electrode was polished with 0.5 /lrn 
alumina paste for 5 min. and then ultrasoni- 
cated for 5 min in distilled water before use. 

Polypyrrole films were electropolymerized on 
the GC electrode in a degassed solution of 0.1 
M pyrrole and 0.1 M NaClO, with a constant 
current of I mA cm ‘, The thickness was con- 
trolled [I41 by the amount of charge passed and 
was estimated to be z 0.2 /lrn by passing 48 mC 
cm ‘. Polypyrrole films on the surface of GC 
electrodes were overoxidized at + 1.0 V vs. SCE 
in 0.2 M NaOH solution, unless stated other- 
wise. The overoxidation process was monitored 
by following the current decay until the current 
le\,elled off. This took about 6 min for a 0.2 
/Irn thick film. 

RDE experiments were carried out using a 
Model EG & G PARC 616 RDE system with a 
GC disk working electrode with an area of 0.13 
cm’. a platinum wire auxiliary electrode and a 
Ag AgCl (KCI saturated) reference electrode. 

A 30 ml aliquot of 0.1 M phosphate buffer 
pH 7.4 was placed in a voltammetric cell, and 
the required volumes of standard solutions were 
added. The modified electrode was immersed in 
the solution with stirring to expose it to the 
analytes. After a given period of exposure. a 
potential scan was performed. 



3. Results and Discussion 

During overoxidation of polypyrrole in NaOH 
solution. nucleophilic attack of the radical 
cationic pyrrole units in the polymer by hydroxide 
ions takes place, resulting in loss of the conju- 
gated structure and electrical conductivity. Mean- 
while. the doping ions (C 10,~ ) are also expelled 
from the polymer film [l 11. forming a porous 
structure on the film. Electroactive species and 
electrolyte can still diffuse through the porous 
film to the underlying electrode surface. However. 
carbonyl groups and carboxylic groups are also 
produced in the polymer when the oxidation is 
taking place [15]. The diffusion of anions in the 
film is hindered by the carbonyl groups of high 
electron density and the ionized carboxylic 
groups. 

It was reported that the optimum conditions 
for electrochemical activation of GC electrodes in 
the analysis of dopamine were a pH range of 
13-14 and a potential of 1.2 V (vs. SCE) [16]. 
Similar conditions are used in this report for 
activation of a polypyrrole-film-coated GC elec- 
trode to be overoxidized. In order to estimate the 
activation of the underlying electrode surface aris- 
ing from the treatment of a polypyrrole-film- 
coated GC electrode. a bare GC electrode was 
also treated under the same conditions as the 
polypyrrole-film-coated CC electrode. The treated 
bare GC electrode was also used as a working 
electrode to perform cyclic voltammetric experi- 
ments. Fig. 1 shows the cyclic voltammograms fol 
a series of biologically important cationic, non- 
ionic. and anionic species at OPPY-film-coated 
and bare GC electrodes. 

Although both AA and UA were in the form of 
monovalent anions at pH 7.4, AA was more 
efficiently repelled from an OPPY-film-coated 
electrode surface than UA (Fig. 1). AA ( 1 x 10 ’ 
M) was oxidized at the bare GC electrode, pro- 
ducing a large current peak. while its current 
response was almost completely suppressed at the 
OPPY-film-coated GC electrode. The response of 
UA (5 x 10 ’ M) was also suppressed. although 

not so completely, at the OPPY-film-coated elec- 
trode compared to the response at the bare GC 
electrode. UA is a more hydrophobic species than 
AA judging from the much lower solubility of UA 
in aqueous solution. The hydrophobicity differ- 
ence between UA and AA is probably one of the 
reasons why there is an obvious difference in 
permeability between the two species within 
OPPY films. The voltammetric responses of UA 
and AA at OPPY-film-coated or bare GC elec- 
trodes were investigated in phosphate buffer solu- 
tions of different pH. It was found that the 
suppression of the OPPY films electrodes for the 
response of UA was obviously weaker than that 
for the response of AA over the pH range 7-9. A 
similar phenomenon, i.e. hydrophobic interaction 
between the monoanionic species. e.g. 3, 4-dihy- 
droxyphenylacetic acid, and the OPPY film. 
which is favourable for permeation of these spe- 
cies into the OPPY film. was also observed by 
Palmisano et al. [15]. The large permeability of 
the cationic neurotransmitters DA, EP and NE, 
which are protonated at the physiological pH, 
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Fig. I. Cyclic voltammograms for I x IO a M DA (A), cate- 
chol (B). EP (C). NE (D). I x IO- ’ M AA (EL and 5 x IO-’ 
M L.4 (F) at OPPY-film-coated (solid lines) and bare CC 
electrodes (broken lines). Conditions: scan rate. 20 mV SX’; 
electrolyte. 0. I M phosphate buffer (pH 7.3): exposure time. 2 
Ill,*,. 



results in fdradaic responses significantly higher 
than that of the anionic species. The faradaic 
response obtained is close to that obtained with a 
bare GC electrode. The neutral catechol exhibits a 
similar behaviour. The voltammetric responses of 
the neurotransmitters usually suffer from the in- 
terference of AA which may coexist in vivo in the 
anionic form on high concentrations. For exam- 
ple, large overlapping oxidation peaks of neuro- 
transmitters and other species tested were 
observed at the bare GC electrode. Therefore. the 
selective retardation of the electroactive anion 
ascorbate is of great significance for the develop- 
ment of neurochemical sensors. It has been shown 
[ 121 that if polypyrrole-film-coated GC electrodes 
are treated by overoxidation of polypyrrole in 
sodium hydroxide solution. rather than in other 
supporting electrolyte solutions, highly sensiti\e 
and reversible voltammetric responses for DA will 
be obtained. In the present investigation. it was 
also observed that the voltammetric responses of 
both EP and NE at the OPPY-film-modified elec- 
trodes overoxidized in strongly alkaline medium 
were of higher sensitivity and reversibility than 
those at the modified electrodes overoxidized in, 
say, a phosphate buffer solution (pH 7.4). In 
sodium hydroxide solution. the overoxidation of 
polypyrrole film proceeds faster than in median 
pH buffer solutions because hydroxide ions in 
sodium hydroxide solution act as nucleophilic re- 
actants which are stronger than anionic species 
present in buffer solutions [l I]. The highly sensi- 
tive and reversible voltammetric responses for cat- 
echolamines can be attributed to the activation of 
the matrix surface of the underlying GC elec- 
trodes. The electrochemical oxidation of the ma- 
trix surface will occur when the polypyrrole film 
coated at the surface of the CC electrode is 
overoxidized in sodium hydroxide solution at 
quite a positive potential. for example + 1.0 V or 
+ 1.2 V vs. SCE [I@. 

Study of the effect of scan rate on the anodic 
peak height of DA and EP at the OPPY film 
electrode was performed by linear scan voltamme- 
try. The peak height increased linearly with the 
square root of the scan rate. The results show that 
the electrochemical processes involving DA and 
EP at OPPY film electrodes are all diffusion-con- 
trolled [ 171. 

Table I 

Effect of film thickness on permselective response at the 

I x 10 ’ M level“ 

0 2.43 7 26 2.12 

0 2 57.8 51.5 50.2 
0.4 87.6 82.4 79.8 
0.6 784 273 265 
~_.. .~ 
I’ Other conditions as in Fig. I. 

The permselective transport is strongly affected 
by the film thickness (Table I). The sensitivity of 
a 0.2 /lrn OPPY-film-coated electrode for neuro- 
transmitters was close to that of a bare electrode. 
However. the selectivity of the OPPY-film-coated 
electrode for neurotransmitters with respect to 
AA was much higher than that of the bare elec- 
trode. As film thickness increases, the sensitivity 
decreases but the neurotransmitter selectivity with 
respect to AA increases substantially. 

A plot of linear scan voltammetric peak height 
as a function of the exposure time (Fig. 2) shows 
that the peak height of EP increased sharply with 
exposure time up to 3 min. With longer exposure 
times, up to 6 min, the slope decreased. Mean- 
while, the slope for the 0.2 /lrn OPPY film de- 
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Fig. 2. Effect of exposure time on oxidation peak height of EP 

at OPPY film electrodes of (0) 0.2 and ( ’ ) 0.4 irrn thickness. 

EP concentration: I x IO -’ M: phosphate buffer concentra- 

tion: 0.1 M (pH 7.4): scan rdte: SO mV so ‘. 



creased more quickly than that of a 0.4 ilrn OPPY 
film. This is not surprising. since prolonged expo- 
sure allows a larger quantity of analyte to diffuse 
into the film and saturation occurs more quickly 
for thinner films. When a polymer-film-coated 
electrode is exposed to an aqueous solution con- 
taining analyte, the response sensitivity depends 
on the film thickness [18]. Thicker film. for exam- 
ple 0.4 jtm, results in a lower response sensitivity 
but. with an exposure time of, say, 3 min a wider 
linear response range. Because of the expected 
faster response time and higher sensitivity, it is 
more advantageous for the voltammetric determi- 
nation of catecholamines to employ a thin, say 0. I 
/lrn or 0.2 Irm. OPPY film than a thicker one. 

The apparent diffusion coefficients of DA. EP, 
UA and AA in OPPY film were determined by 
OPPY-film-coated RDE voltammetry in pH 7.4 
phosphate buffer solution in order to evaluate the 
permeability of the solutes in the polymer film. In 
the permeability studies, the limiting current. i, 
for the electrochemical reaction of a solute which 
partitions with partition coefficient x and diffuses 
into a RDE through a film barrier vvith diffusion 
constant D,,, is described by the following equa- 
tion [ I9,20]: 

I I I 
- ~IFAYD,,,CO,, 

+ 
0.62nFA D; ‘1’ ’ “VI ’ ‘C’ 

(1) 
‘I 

where A is the electrode area. ci,,, is the film 
thickness. (r) is the rotation speed of the electrode 
(rad s ‘) C and D, are the bulk concentration and 
diffusion coefficient of the solute in solution re- 
spectively, and the other symbols have their usual 
meanings. The two terms on the right-hand side 
of Eq. (I) represent the reciprocal of the current 
that would be measured without the diffusion 
layer, and the reciprocal of the current without a 
film. The Koutecky Levich plots are obtained by 
measuring the limiting current at different rota- 
tion speeds and plotting 1 i, vs. (‘1 ’ I. From the 
intercept the apparent diffusion coefficient xD,,, 
can be obtained. 

l-able 2 

.4pparent diffusion coefficients measured with the RDE in 0.1 

M phosphate buffer solution (pH 7.4) for some species“ 

Solute PK.,h Change C (mM) XD,,, (10 4 cm’ s-I) 

DA 8.92 + I 0.10 21 

EP 8.88 + I 0.10 I6 

u4 5.40 ~ I 0.10 2.8 

AA 4.20 - I 4.0 0.42 

(’ Polypyrrole film was overoxidized in 0.4 M phosphate buffer 

(pH 7.41. OPPY film thickness: 0.40 /lrn. Scan rate: IO mVs- ‘. 

h References for pK,, values: DA and EP [II]: UA [??I; AA 

[3]. 

Table 2 lists the values of rDm obtained for the 
solutes at different electrodes. The errors in the 
xD,,, values are less than 20%. AA showed a small 
voltammetric response at a concentration of 4 
mM but it is almost indistinguishable from the 
background signal at 0.5 mM levels. UA possesses 
a small solubility in neutral aqueous solutions. 
Therefore. concentrations of 4.0 mM AA and 0.10 
mM UA were adopted in the RDE experiments. 
The results show that DA possesses a slightly 
higher permselectivity than EP at the OPPY-film- 
coated CC electrodes. However, the rD,, value of 
UA is higher by a factor of about seven than that 
of AA. which further confirms that UA possesses 
higher permeability than AA. The xDnr value of 
DA is about double that reported by Witkowski 
and Brajter-Toth [7]. This is probably due to the 
different preparation conditions of the OPPY 
film, i.e. different doping ions were applied during 
the electropolymerization of pyrrole monomer. 
etc. 

In order to evaluate the possibility of applying 
the OPPY film electrodes to the determination of 
neurotransmitters in practical samples, mixtures 
of DA or EP. AA and UA were prepared. The 
concentrations of AA and UA were 1 x IO-” M 
and 1 x IO 5 M respectively. Linear scan voltam- 
metry was adopted in the experiments. The results 
are shown in Table 3. The limit of detection was 
calculated as three times the noise of the determi- 
nation of a low level of DA or EP. EP was 



Linear range and detection limit of DA and EP determinations,’ 

Species Linear range 

(M) 

Correlntion coellicirnl 

- 

Detection limlt 

(Ml 

DA I x IO () I x IO J 0.99’) 

EP I x IO h I x IO ’ 0.998 

,I Scan rate: 50 mV ‘i ‘, Other conditions a\ in Fig. I. 

determined I2 times at the 5 x IO ’ M level with 
a 2 min exposure time. The relative standard 
deviation was 3.9%. 

The stability of the OPPY film on CC was also 
tested. There were no obvious changes observed 
in the response of the OPPY film electrodes after 
the electrodes were stored in phosphate buffer for 
8 days. This indicates that the OPPY film elec- 
trodes are stable in a quiescent solution. However. 
after repeated voltammetric determinations. for 
example over a period of 5 h, about 15’%1 decrease 
in current sensitivity for 1 x 10 ’ M EP was 
obserired. This was obviously superior to the re- 
sults obtained at an untreated bare CC electrode 
which was prone to contamination by EP oxida- 
tion products, resulting in reduction of response 
sensitivity. 

4. Conclusions 

OPPY films demonstrate large permeability for 
cationic and neutral catechols, for example DA. 
EP. NE or catechol, and very effective and selec- 
tive retardation of electroactive anionic species 
such as ascorbate anions. The thinner the thick- 
ness of the OPPY film, the shorter the response 
time. Uniform thickness of OPPY films and stable 
adherence to the CC electrode surface are easily 
obtained by electropolymerization of pyrrole 
monomer. In contrast. neurotransmitters and cat- 
echols tested displayed excellent electrochemical 
reversibility at a polymer-film-coated CC elec- 
trode which had been treated in strong basic 
solution at + 1.0 V vs. SCE. Therefore, high 
voltammetric response sensitivity for these species 
can be obtained. In particular, the enhanced selec- 
tivity obtained as a result of excluding anionic 

8x IO-’ 

6x10 J 

species could be very valuable in the development 
of neurochemical sensors. 
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Abstract 

Batch-injection analysis exhibits the advantages of rapid and simple electroanalysis of microlitre samples. 
Nafion-coated mercury thin film electrodes have been evaluated for use in batch-injection analysis with anodic 
stripping voltammetry (BIA-ASV). The advantages of Nafion-coated electrodes in reducing electrode contamination 
by components of complex matrices are combined with the analysis of small microlitre sample volumes. The 
measurement of traces of lead and cadmium is used to illustrate the approach. An optimised procedure for formation 
of Nafion-coated mercury thin film electrodes is evolved. The relative sensitivity for BIA-ASV at electrodes with and 
without Nation coatings is 0.9 and 0.8 for cadmium and lead respectively; detection limits are 2 x lop9 M and 
4 x 10m9 M. Studies were done concerning the influence of surfactants and their effect was found to be much less with 
the Nafion film coating. Applications to real environmental samples are demonstrated. 

Kqwnfs: Batch-injection analysis; Mercury film electrodes; Nafion-coated electrodes: Stripping voltammetry; Trace 
metals 

1. Introduction 

The batch-injection analysis (BIA) technique [l] 
was developed to enable the analysis of small 
(< 100 ~1) volumes of liquid samples whilst retain- 
ing the advantage of convection in continuous 

* Corresponding author. Fax ( + 35 I) 39-35195. 

flow systems. Recent work involving electrochem- 
ical detection has demonstrated the similarities 
between amperometric detection in BIA and the 
response obtained at wall-jet electrodes in contin- 
uous flow [2]. This similarity arises because in 
both techniques a fine jet of solution (in the BIA 
case from a micropipette tip) impinges on the 
centre of a disc electrode immersed in electrolyte 
solution; this configuration means that memory 

0039-9140 96,$15.00 c 1996 ElsebIer Science B.V. All rights reserved 
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effects are almost zero. The advantages of the use 
of a programmable. motorised electronic mi- 
cropipette have been shown [2,3]. BIA with 
voltammetric detection has also been demon- 
strated [4]: consecutive injections during a slow 
potential sweep lead to a point-by-point voltam- 
metric curve, and cyclic voltammetry and square 
wave voltammetry can be done during the injec- 
tion itself. 

BIA with stripping voltammetry is also an ex- 
citing possibility. After initial studies showing its 
viability [5], BIA with anodic stripping voltamme- 
try (BIA-ASV) has been explored in detail and 
nanomolar detection limits were reached with 
good sensitivity using square wave stripping [6]. 
The mercury thin film electrode (MTFE) was 
formed irz situ and the influences of injected vol- 
ume, preconcentration time. and micropipette dis- 
pension rate were investigated. 

A particular benefit of the small sample v,ol- 
umes injected in BIA is that the contact time 
between sample and electrode is small. Problems 
of electrode fouling are thus reduced compared 
with continuous flow systems. Nevertheless. for 
complex matrices such as waste water with high 
surfactant levels and blood serum it is often neces- 
sary to reduce contamination even further, which 
can be done by suitable modification of the elec- 
trode surface. 

Permselective electrode coatings have found use 
in reducing interference and contamination. 
Amongst those with applications in stripping 
voltammetry are Nafion (see e.g. Refs. [7--9]), 
cellulose acetate (see e.g. Ref. [lo]) and dialysis 
membranes (see e.g. Ref. [I 11). An additional 
benefit is the fact that any problems with adhe- 
sion of the mercury film to the glassy carbon 
substrate [ 121, which can occur under c0nvectiv.e 
conditions, are removed. 

Concerning Nafion films, the signal stability for 
differential pulse ASV was examined in detail foi 
a number of Nafion-coated thin mercury film 
preparation methods [7], involving Nafion coating 
followed by mercury film deposition. Other work 
involved mixing a ligand specific for the metal ion 
to be determined, lead [8] and copper [9]. with the 
solution of Nafion before coating. 

The objective of this study was to reduce the 
interferences from complex matrices in the BIA- 
ASV technique through coating of the glassy car- 
bon electrode with a thin Nafion film. Optimum 
experimental parameters are examined and com- 
parison with results using a simple MTFE is 
presented. Application to trace metal determina- 
tions in environmental samples is described. 

2. Experimental 

A modified large open wall-jet cell constructed 
of perspex and tilled with inert electrolyte was 
used as described previously [2]. The micropipette 
tip (internal tip diameter 0.47 mm) was fixed 
exactly over the centre of a glassy carbon (Tokai, 
GC-20) disc electrode, diameter 5 mm, at a dis- 
tance of 2- 3 mm. The cell also contained a 
platinum gauze counter electrode and a saturated 
calomel reference electrode. 

A 5% solution of Nafion in low weight alcohols 
(Aldrich) was diluted with ethanol to prepare 
appropriate working solutions for forming the 
Nafion coatings. N,N-dimethylformamide (DMF) 
was of analytical grade (99.5%) and purchased 
from Fluka. The preparation of the Nafion- 
coated (NC) electrode is discussed below. Mer- 
cury films were made in sirrr by injection of 10 ~1 
of a 10 ’ M Hg( II) solution at ~ 1 .O V applied 
potential. Unless stated otherwise the cell con- 
tained 0.1 M KN0,/0.002 M HNO, supporting 
electrolyte. Injections were performed using a pro- 
grammable motorised electronic micropipette 
(EDP Plus 100 EP-100, Rainin Instrument Co. 
Inc.). This micropipette. of maximum dispensing 
volume 100 ,~tl, has three dispensing rates; the 
BIA-ASV measurements were conducted at the 
slowest dispensing rate. which was calibrated in 
this study as 22.7 jtl s ‘. 

A computer-controlled EG&G PAR273A po- 
tentiostat with M270 Research Electrochemistry 
Software was used for running the electrochemical 
experiments. 

Solutions were prepared from analytical-grade 
chemical reagents and Millipore Milli-Q ultrapure 
water (resistivity > IS MR cm). Stock solutions of 
10 ’ M Pb’+ and Cd’+ were prepared and di- 



luted on the day as appropriate. The protein 
standard solution (Sigma) containing 0.5 g 1 ’ 
albumin and 0.3 g 1 ’ globulin; Triton X-100 
(Sigma) and sodium dodecyl sulphate (SDS; 
Aldrich) were used as received in the correspond- 
ing studies after appropriate dilution. Experiments 
were conducted at room temperature (25 + 1°C) 
and without deoxygenation. 

Prior to polymer coating the glassy carbon 
electrode was polished using polishing foils with 
0.3 /lrn alumina particles (Hirschmann. Germany). 
rinsed with Milli-Q water and allowed to dry. 

The optimised procedure for forming the Nafion 
coating was as follows. First. 5 111 of 0.25% (w v) 
Nafion solution was applied, followed immediately 
by 3 1’1 of DMF. to the electrode surface with a 
micropipette. The solvents were evaporated in a 
warm air stream from an air gun while the elec- 
trode was rotated at 50 rev min ‘. The polymer 
film was then cured for 60 s in a hot air stream 
(about 70°C). holding the gun just a few millime- 
tres abov)e the electrode surface. The studies which 
led to this procedure are described in the next 
section. 

The NC electrode was then placed in the BIA 
cell and mercury deposition was done in .situ by 
injecting 10 ,~rl of a solution of 0. I M Hg’* in 0.1 
M KNO, 0.002 M HNO, and applying a deposi- 
tion potential of - 1.0 V during injection ( ~0.4 s) 
and a further 60 s after the end of the injection 
period. As previously shown [6]. continuing to 
apply a potential corresponding to the electrode 
deposition reaction after the end of the injection 
itself significantly increases the electrolysis effi- 
ciency. The NCMTFE was then ready for use in 
ASV experiments. 

3. Results and discussion 

3.1. Optittiistrtiotl of’ pr~~p~trutiotz ttwtl7ods of’ 

NCMTFE.\ 

The procedure of Nafion coating and mercury 
deposition onto a glassy carbon electrode for use 

in conjunction with BIA was studied with respect 
to practicality. the stability of the coating under the 
hydrodynamic conditions of BIA and the maxi- 
mum attainable sensitivity for trace metal determi- 
nations. 

There are two principal ways of preparing 
NCMTFEs. One possibility is to deposit mercury 
first followed by removal of the electrode from the 
plating solution and covering of the thin mercury 
film with a Nafion membrane under air [13]. 
Alternatively. the procedure can be reversed and 
the Nafion film prepared first followed by mercury 
deposition through the Nafion film [ 141. The latter 
approach was found to be more convenient, partic- 
ularly in a BIA arrangement; this is due to the fact 
that the mercury deposition can be performed in 
situ utilising the BIA approach [6]. In addition, 
covering a bare glassy carbon electrode with a 
Nafion film offers more freedom for varying the 
curing procedure parameters than in the presence 
of mercury. which may evaporate at higher temper- 
atures. 

Thus, the procedure of preparing the Nafion film 
first and then depositing mercury through the 
polymer film in the BIA cell was studied in detail 
with a view to optimisation of the relevant parame- 
ters. Initial studies used Nafion solutions alone for 
film formation, which led to films with a tendency 
to crack and have low adhesion. Previous studies 
suggested that the addition of a casting solvent can 
modify the properties of Nafion [15]. This was 
explored and it was found to be advantageous to 
employ DMF casting solvent and to heat during 
the formation of the Nafion film in order to 
improve its mechanical properties. In addition, 
preparing the Nafion film by spin-coating resulted 
in a more uniform polymer layer than under 
stationary conditions; a rotation speed of 50 rev 
min ’ was employed. For the size of the glassy 
carbon electrode used, 0.20 cm’ area, 5 ~11 Nafion 
solution and 3 111 DMF were found to be appropri- 
ate. 

The thickness of the Nafion film was varied 
using Nafion solutions of different concentration 
in the range 0.1~0.5% (w/v). The thinnest Nafion 
film made from 0.1% Nafion solution was found, 
after mercury deposition, to be insufficiently stable 
for BIA-ASV experiments. In contrast, using the 



0.5% N&on solution a stable Nafion film was 
obtained. but a substantial decrease in sensitivity 
for cadmium and lead determinations occurred in 
comparison with a MTFE without Nafion coat- 
ing. As a compromise, employing a 0.25% Nafion 
solution yielded a film with sufficient stability 
under BIA conditions and acceptable relative sen- 
sitivities of 0.9 for cadmium and 0.8 for lead when 
compared with that for an uncovered MTFE (see 
below). Visually, the Nafion coating appeared 
transparent and uniform over the whole electrode 
surface, and resulted in homogeneous films with- 
out cracks, which was not possible without the 
addition of DMF casting solvent. 

(9) 

(f 1 
(d 
(d) 

The above results led to the optimised proce- 
dure described in detail in Section 2. 

The determination of traces of cadmium and 
lead ions using square wave ASV was chosen in 
order to characterise the analytical features of the 
NCMTFE when incorporated in a BIA arrange- 
ment. Fig. 1 shows typical responses obtained for 
cadmium determinations in the concentration 
range lo-~‘- 10 ’ M. For both cadmium and lead 
the calibration plots were highly linear as ex- 
pressed by the linear regression data given in 
Table 1 for the the ions analysed separately and 
as a mixture. Fig. 2 illustrates the good reproduci- 
bility of repetitive trace metal determinations. No 
memory effects were observed providing that be- 
tween successive measurements an injection of 
electrolyte was done at a conditioning potential of 

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 

E/V 

FIN. I. Concentration dependence of the BIA-ASV response 

obtained for cadmium determinations wth a NCMTFE. Ex- 

perimental conditions: injection volume. 50 111; preconcentra- 

tion, 30 s at ~ 1.0 V vs. SCE; stripping mode. square wave 

voltammetry with amplitude 25 mV. scan increment 2 mV and 

frequency 100 Hz. Cadmium concentrations: (a) background: 

(b) IO ‘. (c) 2 x IW ‘: (d) 3 x IO ‘: (e) 5 x IO ‘: (0 8 x 10~ ‘: 

(g) IO ’ M. 

-0.2 V to ensure the removal of electroactive 
species from the vicinity of the electrode surface. 
This potential was applied constantly between 
determinations. Detection limits were determined 
on the basis of the 3cr criterion related to the 
baseline noise level and amounted to 5 x lop9 M 

Table I 

Results of linear regression of calibration data for cadmium and lead determinatlona by BIA-ASV using a NCMTFE 

tPb’+: I x IO K I x IO-’ M: Cd’+: 5 x IO ’ I x IO ’ M) 

Analyte Slope (/iA nM ‘) Intercept (/IA) Regression coefticient 
~- ~~ .~~ 

Cd’. 0.052 -0.07 0.9992 (PI = 7) 

Pb’ + 0.0’2 - 0.01 0.9975 01 = 6) 
Cd’. (pb’ + ) ., 0.042 0.09 0.9976 (n = 5) 
Pb” (Cd’-) h 0.023 0.05 0.9958 (I7 = 5) 

.’ Cadmium determinations in the presence of equal amounts of lead. 

h Lead determinations in the presence of equal amounts of cadmmm. 
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-0.75 -0.55 
EIV 

FIN. 7. Rcproduclblht) of BIA-ASV dctcrmlnatlons at ‘L 

NCMTFE for a cadmium conccntratlon of IO 1 M. Other 

conditions ah in Fig. I. 

and 1x10’ M for cadmium and lead respec- 
tively. 

The stripping peaks corresponding to cadmium 
and lead using a NCMTFE appear at potentials 
12 mV more negative than in the case of measure- 
ments at a MTFE without Nation coating. This 
probably reflects the cation exchanging behaviour 
of the Nafion coating which favours the oxidised 
state of the test species. However, there was only 
a slight effect on the shape of the signals, the peak 
width at half height increasing from 52 to 55 mV. 
suggesting that any kinetic limitations due to the 
N&ion film are not important. 

The above results are based on injections of 50 
111 of analyte solution and accumulation times of 
30 s as suggested previously for BIA-ASV using 
an uncoated MTFE [6]. This was because, in the 
preconcentration step. the profile of signal height 
vs. injection volume reaches a maximum for this 
injection volume. due to the important contribu- 
tion from diffusion to the electrode after the end 
of the injection itself of species remaining in the 
zone of the electrode. It was found during the 
course of this study that multiple injections of 
fractions of the total injection volume can lead to 
a further improvement in sensitivity using the 
multiple-dispense mode of the programmable mi- 
cropipette without removing the pipette from the 
BIA cell. For example, four successive injections 
of 25 it1 analyte with short periods in between 
yielded about 2.5 times higher signals in compari- 
son to a single injection of 50 /tl (note that an 
injection of 50 /II gi\,es the same signal as injec- 

tion of 100 111, as explained above). The higher 
electrolysis efficiency obtainable via this multiple- 
injection approach is illustrated in Fig. 3 for BIA 
experiments using K,[Fe(CN),] oxidation as 
model reaction. 

The multiple-injection technique was applied to 
trace metal determinations when the concentra- 
tions of the analyte species were close to the 
detection limit. In this way, the detection limit is 
reduced by a factor of 2.5 to 2 x 10 ’ M and 
4 x IO ‘) M for cadmium and lead respectively. 
The analytical utility of this approach is demon- 
strated in Section 3.4. 

The effects of various organic surfactants on 
the response of the NCMTFE in BIA-ASV mea- 
surements were studied using cadmium as test 
analyte. Some common surface-active com- 
pounds, such as Triton X-100, and a protein 

I 20 PA 

;!  

100 0 tJC 

(4 

J - ,5s 

I 20 PA 

I\ 

‘10 

Fig. 3. BIA response for amperometric detection at +0.6 V 

15. SCE for oxidation of 3 mM K,[Fe(CK),,] in 0.4 M K,SO, 

electrolyte using a bare glassy carbon electrode. The ampero- 

metric tran+nt (a) corresponds to an injection of 50 111 of 

K,[Fe(CN),] solution while (b) represents the response for 

four consecutive injections of 25 irl analyte solution. The 

dispensing rate I\ 27.7 ,!I s ’ ill both casts. 
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Table ? 
Effect> of surface-active compounds on the BIAASV response for 50 /rl injections of lo-. M Cd’- at a MTFE and a NCMTFE 

~_____ 

Surfxe-Response drnp I ‘I 
acttve compound 

I 2 5 II 22 

Triton X- 100 AI,? (“#I) MTFt ~ 17 -21 -37 -Xl -91 
AI,, (“c,) NCMTFE -1-l -17 -24 -37 -76 

SDS I’ AI,, (“0) . MTFE ~ I-l -19 - 24 -26 -27 
AI,, (“0) NCMTFE -3 -9 - ‘0 -23 

Protein standard AI, (” 0) MTFE -x -IS -20 -68 
AI,, (‘IL) NCMTFE -5 -6 -6 -6 

.~-_ 

.’ The measurrments Mere performed 111 0 I M acetate buffer (pH 3.5~. 

standard, were chosen as representing different 
types of interference with faradaic electrode pro- 
cesses. The effects of the individual surfactants on 
the BIA-ASV response were examined with both 
the MTFE and the NCMTFE in order to obtain 
a direct comparison under identical conditions. 
The experimental approach used was to inject first 
a sample containing IO-~’ M cadmium ions (with- 
out the surfactant) onto a newly prepared elec- 
trode. Next, samples containing the same 
concentration of metal ions but in the presence of 
increasing concentrations of surfactant were in- 
jected consecutively. Table 2 summarises the rele- 
vant results of these measurements. In all cases. 
the NCMTFE was clearly less susceptible to peak 
depression than the MTFE. As an example. Fig. -1 
illustrates the different extent of signal depression 
due to the presence of Triton X-100 for (A) a 
MTFE and (B) a NCMTFE. In particular, the 
results obtained for samples with a matrix con- 
taining proteins indicate that the Nafion coating is 
an effective barrier to the transport of these po- 
tential interferents towards the mercury surface. 
which agrees with data found previously by other 
authors [14,16P18]. The slight decrease in the 
BIA-ASV signal of 5 or 6% obtained with the 
NCMTFE after additions of protein standard to 
the sample was even independent of the protein 
concentration in the range studied up to 22 mg 
I- I. Thus. it can be speculated that the measured 
decrease in signal results from complexation of 
the analyte [ 191 rather than from electrode block- 
ing effects. 

The analytical utility of the NCMTFE in con- 
junction with BIA-ASV was investigated by ap- 
plying it to the analysis of heavy metal traces, 
lead and cadmium. in environmental samples with 
complex matrices, using the standard addition 
method. 

Fig. 5 illustrates the results obtained for an 
undiluted waste water sample using the technique 
of multiple standard additions and the evaluation 
of cadmium concentration--these samples were 
found not to contain lead at a detectable concen- 
tration. The rather low concentration of 5.0 f 0.1 
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Fig. 3. BIA-ASV signals obtained with (A) MTFE and (B) 
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Fig. 5. Evaluation of the cadmium determination in an undi- 
luted waste water sample b) BIA-AS\’ with a NCMTFE using 
the standard addition method. The signals for the original 
sample (S) and that obtained after standard addition corre- 
spond to a multiple-injection preconcentration of four consec- 
utive injections of 25 /II within a total preconcentration period 
of 60 5. 

nM (0.56 f 0.1 ppb) cadmium showed the ad- 
vantages of using the multiple-injection precon- 
centration procedure described above in order to 
increase electrolysis efficiency. Repetitive mea- 
surements showed almost no changes in the 
voltammetric response, which indicates effective 
protection of the NCMTFE against interfering 
matrix constituents. 

In addition, a sample was taken from a car 
wash. which obviously contained a high amount 
of detergents. In this case, lead traces were 
quantified in this sample using multiple-injection 
preconcentration but no detectable traces of 
cadmium were encountered. The NCMTFE was 
not completely insensitive to the matrix con- 
stituents as indicated by a progressive signal de- 
crease of the BIA-ASV response of a few 
percent for repetitive measurements. However, 
the technique of standard addition requires just 
a limited number of measurements and the con- 
tact time of the sample matrix with the elec- 
trode surface in the BIA mode is very short. 
Consequently. a lead concentration of 15.5 k 0.9 

nM (3.2 f 0.2 ppb) was determined on the basis 
of measuring the signal from the sample solu- 
tion and performing two standard additions for 
which the electrode characteristics can be as- 
sumed to remain constant. 

Confirmation of the values was obtained by 
AAS with electrothermal atomization. The waste 
water sample led to 0.6 ppb and co.05 ppb and 
the car wash sample to 0.15 ppb and 3.0 ppb 
for cadmium and lead respectively. The levels of 
lead in the first case and cadmium in the second 
are below BIA-ASV detection limits. Since elec- 
trochemical methods probe the amount of labile 
species in a given oxidation state rather than the 
total amount of the element as in AAS, the 
agreement between BIA-ASV with standard ad- 
dition and AAS shows that in the samples 
tested all the metal ions are present in a labile 
form. In other cases, where a fraction of the 
metal ions is not labile, the electrochemical re- 
sponse will be lower, and standard addition will 
measure the concentration of these labile species. 

For the environmental samples studied the 
performance characteristics of the NCMTFE 
were far superior to those of the MTFE with 
regards to fouling of the electrode surface by 
contaminants in complex matrices and the im- 
proved stabilisation of the mercury film. In fact, 
it was impossible to obtain meaningful results 
concerning the lead concentration in the car 
wash sample when using a bare MTFE. 

4. Conclusions 

It has been shown that NCMTFEs offer sig- 
nificant advantages compared to ordinary MT- 
FEs for square wave ASV using the BIA 
technique, and these are particularly evident in 
the analysis of environmental sample containing 
high surfactant levels. The technique for the for- 
mation of the NCMTFE is simple. This, com- 
bined with the easy and rapid BIA-ASV 
procedure, demonstrates that it will be an im- 
portant method for the determination of small 
(microlitre) volumes of traces of heavy metals in 
complex matrices. 
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Understanding Medications: What the Label 
Doesn’t Tell You, by A. Burger, American Chemi- 
cal Society, Washington. DC, 1995, xiv + 206 pp., 
ISBN O-8412-3210-5. 

The author of the book, Dr Alfred Burger, 
founded the Journal of Medicinal Chemistry in 
1959 in collaboration with Arnold H Beckett. His 
inspiration for this book stems from the require- 
ment to “satisfy and stimulate the curiosity of 
educated lay people who, on the whole, lack the 
biochemical and pharmacological background for 
the study of medicinal agents.” The themes of the 
book are also described by the author as “the 
history, discovery. manufacture. action. accep- 
tance and rejection of drugs”. 

Contained in the 21 small chapters is a wealth 
of information on drugs, albeit in a limited form, 
which indeed will satisfy most lay people. I found 
the text enjoyable and very easy to read-in a 
relaxed style somewhat similar to that found in 
Reader’s Digest. Of course. whole books could 
have been written on each of the chapters so it 
will be very easy for a reviewer to criticise the 
oversimplicity of some of the contents. In the 
chapter on naming drugs it is interesting that not 
all trade names in the USA are the same as 
elsewhere. for example, the most common over- 
the-counter drug in the UK is paracetamol but 
the word paracetamol does not occur anywhere in 
the book. This is because the drug is known in the 
USA by the trade name Tylenol and the book 
correctly gives another corresponding nonpropri- 
etary name for the same drug as acetominophen. 

The chapters devoted to drug categories are: 
neurohormones and drugs that affect the central 
nervous system, drugs for the relief of pain, local 
anesthetics, antispasmodics and antihistamines, 
drugs that act on the blood pressure and the 
heart. intestinal medications, hormones and vita- 
mins, drugs for the treatment of cancer, drugs 
affecting the immune response, drugs for infec- 
tious diseases, antiparasitic drugs and antiviral 
drugs. There is also a chapter on research and a 
glossary of some chemical and medical terms. I 
found the explanation of X-ray diffraction in the 
glossary as “A method of determining the chemi- 
cal structure of a compound by measuring the 
distances between it atoms” somewhat vague. I 
was also surprised to read under a heading on 
Diuretics that the concentration of salts (espe- 
cially sodium chloride) for the mammalian body 
is one-fourth that of seawater, namely about 
0.23% It has been my understanding that the 
concentration of sodium chloride which is iso- 
tonic with blood is 0.9% w/v and this should be 
the value used in the book. 

Overall, an interesting book which achieves its 
stated aims. A little more on the need for different 
dosage forms (i.e., tablets. capsules, injections, 
suppositories, etc.,) would be useful to satisfy the 
curiosity of the lay person. 

P.J. Cox 

Flow Injection Atomic Absorption Spectrometry, 
by Zhaolun Fang. Wiley, Chichester, 1995, xii + 
306 pp., E60.00. ISBN O-471-95331-8. 
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The combination of flow injection (FI) and 
atomic absorption spectrometry (AAS) has under 
gone a spectacular development within the past 
decade as reflected in the exponentionally increas- 
ing number of publications (more than 600 are 
included in the book). In fact, the effects are in 
the words of the author “so dramatic” that it has 
brought ‘new vitality to a technique [AAS] which 
otherwise seemed to be confronted by a period of 
stagnancy”. Most of these novel developments 
have taken place since Burguera in 1989 edited 
the first monograph on FI-AAS, and for this 
reason it seems highly appropriate that Fang, who 
is one of the foremost authorities in the field, has 
undertaken to scrutinize, compile and communi- 
cate the current knowledge in this rapidly growing 
area. 

His book is composed of twelve chapters. 
Chapter 1 gives a brief introduction to the basic 
principles of FI and some general aspects of FI- 
AAS, where it is noteworthy that Fang warns that 
“flow injection techniques are not as simple as 
they appear”, implying that it is important to 
direct attention to technical and operational de- 
tails to avoid detours and pitfalls. The core, mis- 
sion and justification of his book is to assist the 
reader to design optimal systems for dedicated 
purposes. Chapter 2 deals with general instrumen- 
tation where the author generously shares his 
wealth of practical experience, discusses advan- 
tages and disadvantages of the individual compo- 
nents (pumps, valves, tubings, etc.) and offers 
numerous useful operational hints. In fact, these 
aspects are characteristically manifested 
throughtout the text, where one is constantly re- 
minded that this is a book written by a person 
who truly has hands-on experience with his sub- 
ject. These introductory chapters (and sections of 
the following ones) inevitably imply recycling of 
material from his previous book on Flow Injec- 
tion Separation and Preconcentration. This 
should not, however, be taken as a derogatory 
remark. because if one is not the fortunate owner 
of that book the material included here is essential 
prerequisites for sufficient appreciation of the en- 
suing chapters. The various modes of FI sample 
introduction used in AAS are treated in Chapter 
3-detailed appropriately because it is well recog- 

nised that this feature is indeed the ‘Achilles heel’ 
of atomic spectrometric techniques-followed by 
separate chapters on FI techniques for on-line 
dilution (Chapter 4) and sensitivity enhancement 
(Chapter 5), all used mainly in connection with 
flame spectrometry. For this reviewer, who has 
constantly advocated the exploitation of the po- 
tentials which are inherent in the concentration 
gradient created in FL it is most satisfying to see 
that Fang stresses this point, which has been 
much overlooked in conjunction with FI-AAS. 
Chapter 6 is devoted to FI vapor generation 
methods, that is, hydride generation (HGAAS) 
and cold vapor (CVAAS), where advantage can 
not only be taken of separating the gaseous ana- 
lyte species from possible interfering matrix con- 
stituents, but where one can also exploit kinetic 
discrimination to enhance the analytical signal in 
favour of the sample constituent. Chapter 7 treats 
the so-called indirect methods, that is, conversion 
techniques where a sample consitiuent via intelli- 
gent chemistry is converted into a species de- 
tectable by AAS. FI on-line preconcentration 
systems for flame and vapor generation AAS are 
discussed separately in Chapter 8, which relies 
heavily on the author’s previous book, but also 
contains much new material in this rapidly ex- 
panding field and is a most illuminating section 
comprising much valuable information which will 
no doubt be of great value for the reader. In 
Chapter 9 FI techniques (including preconcentra- 
tion techniques) used for electrothermal AAS are 
treated. Not surprisingly, this section draws heav- 
ily on the author’s own results. where he, undis- 
putably. has been one of the pioneers, and which 
area promises to be one of the most exciting ones 
in the future. Chapters 10 and 11 are devoted to 
FI calibration (by exploiting the concentration 
gradient of FI) and on-line digestion techniques. 
The last chapter (12) deals with the application of 
FI-AAS methods to the environmental, agricul- 
tural, clinical, pharmaceutical, geological and 
metallurgical fields, a compilation which should 
prove most useful for practising analytical 
chemists. 

In the preface it is stated that the book may be 
used “both as a reference source and a laboratory 
manual. but some of the chapters may also be 



used as textbook material”. I am not sure that the 
author has managed to achieve all these goals 
satisfactorily (and it would. admittedly, also be 
virtually impossible to do so). While the book 
constitutes a homogenous entity when read as a 
whole, it is somewhat problematic to extract spe- 
cific information on a certain subject (as guided 
from the otherwise detailed index) unless several 
sections are consulted simultaneously. Although 
Fang has tried to eliminate this shortcoming with 
a fine-masked net of cross references, it does in 
instances create more confusion than overview. 
On the other hand, it should be added that the 
book inevitably compels the reader to continue 
reading. which is a commendable asset. Some 
subjects. which to the AAS-practitioner might be 
termed to be rather exotic, are treated in unneces- 
sary detail (e.g. thermospray and high pressure 
sample deposition), while others are mentioned 
merely superficially. This is especially true for the 
subject of speciation to which only half a page is 
devoted. To the excuse of the author it should be 
added that this area has received particular atten- 
tiion in the very recent past. and since the 
manuscript for Fang’s book was concluded in late 
1994. he really cannot be blamed. A neat detail 
which deserves to be mentioned is the way that 
Fang has compiled and combined the references 
and the FI-AAS bibliography at the end of his 
book. While the references are quoted in the 
“normal” fashion (i.e., without titles). the biblio- 
graphic ones include the full title of the individual 
papers which is most helpful. 

Altogether Fang has written an authoritative 
book on a subject of vital interest, but also on a 
subject on which there is an expanding growth 
and practical interest. Therefore. I am sure that 
his book will stand out as a milestone, firstly 
because it is written by one of the foremost spe- 
cialists in the field, and secondly because it con- 
tains a wealth of applicable information. Both for 
the beginner in the area of FI-AAS and for the 
experienced analyst the book should prove most 
useful and, what I find important. inspirational. 
The concluding chapter is virtually a gold mine as 
a reference source as well a practical guide for 
determining various elements in different ma- 
trices. Here the book not only proves its merits as 

a handbook for the analytical chemist, but also as 
a viable practical tool. For all these reasons I am 
of the firm conviction that the book is a very 
good investment. 

E.H. Hansen 

Special Trends in Thermal AnalS,sis. by F. Paulik, 
Wiley, Chichester, 1995. xvii + 459 pp., g90.00. 
ISBN 0-471-95769-O. 

Can there be anyone who worked in the field of 
thermal analysis who has failed to notice one 
name recurring time and again with amazing 
frequency over the last thirty years- 
the name Paulik? Indeed, there were usually two 
Pauliks, the brothers Ferenc and Jenii, who make 
their name in the field of differential thermal 
analysis, designing and building their own appara- 
tus in the 1950’s, and applying it, and its later 
developments, to the investigation of countless 
materials of both synthetic and natural origin, so 
that this has come to be widely recoginsed as an 
essential tool in materials testing and chemical 
analysis. 

This bookk by Ferenc Paulik-is dedicated to 
the memory of his collaborator for over thirty 
years -his younger brother Jeno who died in 
1988. It is a survey of the applications of these 
instruments, and in principle of any similar instru- 
ments operating in simultaneous measurement 
mode. This survey includes a comprehensive bibli- 
ography of over 2800 papers. spanning the years 
from the description of the original instrument in 
1954 up to the present day (1995). 

Part 1 of the book is concerned with experimen- 
tal methodology, including dilatometry, thermo- 
gas titrimetry and evolved gas analysis. Part II 
reflects the Pauliks’ view that recording thermal 
analysis data for a substance was just a begin- 
ning -they always pursued the interpretation of 
the curves in terms of chemical and physical 
changes, aided by evolved gas analysis or X-ray 
methods. So this part is concerned with the kinet- 
ics and mechanism of the processes occurring 
during heating of samples. 
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Part III of the book discusses the more recent 
topic of quasi-isothermal TG and DTA, which 
permits greatly improved resolution of decompo- 
sition steps by raising the temperature very slowly 
through the regions of change, maintaining a tiny 
but constant temperature difference between the 
sample and its environment, and thus overcoming 
the problem associated with earlier instruments 
that thermal analysis curves from different labora- 
tories could vary significantly due to the use of 
different heating rates. 

This unique. readable and well illustrated vol- 
ume is authoritative. It is the voice of the master. 
or, rather. the voice of the master brothers. a 
fitting tribute, and an excellent handbook of the 
state of the art of thermal analysis. 

1. Marr 

Capillary Electvophoresis Guidebook: Principles, 
Operation and Applications, edited by K.D. Altria, 
Humana. Totawa, 1996. xi + 349 pp.. US$74.50. 
ISBN o-896-0331 5-5. 

This book in two parts, is volume 52 in the 
series on Methods in Molecular Biology. Part 1 is 
ideal for those lacking in, or with limited knowl- 
edge of. the theory and the practice of capillary 
electrophoresis (CE). It is an excellent. easy-to- 
follow, instructive text, particularly on the practi- 
calities of the methods and instrumentation 
involved in CE. By the frequent use of flow 

diagrams, clear figures and tables and the use of 
smaller print in the text to highlight important 
aspects of the instrumentation or essential steps in 
the methodology, the author guides the reader in 
a logical fashion from start up to the final step of 
running a successful, validated, separation. The 
text communicates to the reader the author’s ob- 
vious enthusiasm and knowledge of CE. 

The contents of Part 2 are more geared towards 
those with current or future research interests in 
CE. It reviews the methods and technologies 
which are commonly used at present, for example, 
chiral separations by CE, micellar electrokinetic 
chromatography, capillary gel electrophoresis, 
and capillary electrochromatography. The final 
chapter reviews the less common uses of CE and 
in so doing illustrates amply the potential of CE 
for the analysis of a very diverse range of subject 
matter. Though different authors contribute to 
Part 2, the high, uniform, standard of presenta- 
tion of the text, as seen in Part 1. is maintained 
throughout Part 2. As per Part 1, up-to-date, 
appropriate references are included at the end of 
each of the chapters. 

Though CE is a comparatively recent addition 
to available chromatographic separation tech- 
niques, its importance as a widely used separation 
method with a very diverse range of applications 
is encapsulated in this very worthwhile, well writ- 
ten, and referenced text. 

R.R. Moody 
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running a successful, validated, separation. The 
text communicates to the reader the author’s ob- 
vious enthusiasm and knowledge of CE. 

The contents of Part 2 are more geared towards 
those with current or future research interests in 
CE. It reviews the methods and technologies 
which are commonly used at present, for example, 
chiral separations by CE, micellar electrokinetic 
chromatography, capillary gel electrophoresis, 
and capillary electrochromatography. The final 
chapter reviews the less common uses of CE and 
in so doing illustrates amply the potential of CE 
for the analysis of a very diverse range of subject 
matter. Though different authors contribute to 
Part 2, the high, uniform, standard of presenta- 
tion of the text, as seen in Part 1. is maintained 
throughout Part 2. As per Part 1, up-to-date, 
appropriate references are included at the end of 
each of the chapters. 

Though CE is a comparatively recent addition 
to available chromatographic separation tech- 
niques, its importance as a widely used separation 
method with a very diverse range of applications 
is encapsulated in this very worthwhile, well writ- 
ten, and referenced text. 

R.R. Moody 
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Abstract 

Loratadine. a potent antihistamine drug, is not directly electroreducible at a dropping mercury electrode; however, 
by means of a nitration procedure it is possible to obtain a nitro-loratadine derivative which has been identified as 
4-(8-chloro-7-nitro-5,6-dihydro- 11 H-benzo-[5.6]-cyclohepta-[ I ,2-h]-pyridin-I I -ylidene)-I -piperidine carboxylic acid 
ethyl ester. The electrochemical reduction of this derivative at different pHs and concentrations using polarography 
and cyclic voltammetry was studied. The derivative exhibits a differential pulse polarographic peak due to the 
reduction of the nitro group. This peak was used in order to develop an analytical procedure for determining 
loratadine in pharmaceutical dosage forms. 

The recovery study shows adequate accuracy and precision for the developed assay and the excipients do not 
interfere in the determination. 

Kqword.s: Loratadine; Polarography: Drug analysis; Nitrated loratadine 

1. Introduction 

Loratadine (Fig. 1) is a potent, long-acting 
antihistamine which has a high selectivity for 
peripheral histamine H, -receptors in the central 
nervous system (CNS) in vitro or in vivo. The 
drug displays little activity at acetylcholine or 
a,-adrenergic receptors, and is inactive in animal 
models of assessing anticholinergic effects. Lo- 
ratadine penetrates poorly into the CNS [l]. 

The therapeutic efficacy of loratadine has been 
investigated in allergic rhinitis, both seasonal and 

* Corresponding author 

perennial, acute coryze (common cold) and 
chronic idiopathic urticaria. The recommended 
adult dosage of loratadine is 10 mg once daily 
while that of the combination tablet (5 mg lo- 
ratadine plus 120 mg pseudoephedrine) is one 
tablet twice daily [2]. 

Radioimmunoassay and high performance liq- 
uid chromatography, with detection limits of 0.3 
,Llg 1-l and 0.6 /lg 1-l respectively, have been 
used to quantitate loratadine and its chief 
metabolite, descarboethoxy-loratadine, in plasma 
[3]. However. no analytical assays for pharmaceu- 
tical forms of loratadine have been reported to 
date. 

0039.9140~96~$lS.OO cl 1996 Elsevier Science B.V. All rights reserved 
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Modern computer-based electrochemical instru- 
mentation has increased the usefulness of electro- 
chemical methods in pharmaceutical analysis and 
there are several examples where electrochemical 
determinations of drugs in pharmaceutical forms 
have been developed [4-61. A practical advantage 
of polarography and voltammetric methods in the 
determination of drugs in pharmaceutical forms is 
that undissolved excipients or colored solutions 
do not interfere to the extent that they do in other 
methods. The prerequisite for direct determina- 
tion without prior separation is that the drug is 
more strongly adsorbed onto the electrode surface 
than the excipients present in the formulation [7]. 

The purpose of this work is to investigate some 
of the electrochemical properties of loratadine 
and to work out a new method for loratadine 
determination using principally differential pulse 
polarogrdphy (DPP), for both the pure drug and 
for commercial preparations. 

2. Experimental 

2.1. Appuratus 

DPP. Tast polarography and cyclic voltammet- 
ric experiments were carried out in an Inelecsa 
assembly containing a PDC1212 potentiostat- 
generator attached to an Acer 500 + PC computer 
with suitable software for totally automated con- 
trol of the experiments and data acquisition. A 50 
ml thermostated cell equipped with a three-elec- 
trode system was used. The working electrode was 
a dropping mercury electrode (DME) and a hang- 
ing mercury drop electrode (HMDE), Metrohm 
model EA-290, for polarographic and cyclic 
voltammetric experiments respectively. A satu- 
rated calomel electrode (SCE) as a reference elec- 
trode and a platinum wire as an auxiliary 
electrode were also used. 

Spectrophotometric measurements were carried 
out with a Perkin-Elmer model 551 spectrophoto- 
meter using 1 cm quartz cells. Spectra were 
recorded between 200 and 400 nm, and quantita- 
tive sample measurements were made at 270 nm. 

A Varian XL-100 nuclear magnetic resonance 
spectrometer, a Bruker AM-200 nuclear magnetic 

resonance (NMR) spectrometer and a Perkin- 
Elmer model 1310 IR spectrophotometer were 
used. The IR spectra were obtained in lo/ potas- 
sium bromide pellets, and the NMR spectra were 
carried out in deuterated chloroform with TMS as 
internal standard. 

2.2. Muterials and reagents 

Loratadine. 4-(S-chloro-5,6-dihydro-11 H- 
benzo-[5,6]-cyclohepta-[1,2-b]-pyridin-11 -ylidene) 
-1-piperidine carboxylic acid ethyl ester, was 
obtained from Schering-Plough Laboratories 
(Santiago, Chile; 99.7% chromatographically 
pure). Claritynem tablets containing 10 mg of 
loratadine were commercially obtained. All 
reagents and solvents were of analytical grade. 

2.3. Procedures 

2.3.1. Nitration mixture 
A previously reported [S] modified mixture was 

used. 500 mg of sodium nitrate was accurately 
weighed and dissolved in 50 ml concentrated sul- 
furic acid. 

2.3.2. Nitration procedure 
An accurately weighed amount of the drug (10 

mg) was transferred to a 10 ml tube and treated 
with 1 ml of nitration mixture. The drug was 
solubilized in an ultrasonic bath for l-5 min, 
cooled over ice and diluted with 10 ml distilled 
water. Then the solution was transferred to a 50 
ml calibrated flask and diluted to volume with 
distilled water in order to obtain a 5 x 10 -’ M 
standard solution of nitrated loratadine (NO,- 
loratadine). 

0=&H,-CH, 
. 

0=&H,-CH, 

a) b) 

Fig. 1. Chemical structures of (a) loratadine, (b) nitro-lo- 
ratadine derivative. 
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23.3. Isolution of nitrutd derivatir:e 
After the nitration procedure the solution was 

chromatographed on a silica column with chloro- 
form:ethyl acetate (50:50) as eluant. The obtained 
solutions from the column were concentrated to 
give an oily yellow substance that was analyzed 
by IR and NMR. 

2.3.4. BufSrr solutions 
To study the effect of pH on the electrochemi- 

cal behavior of the nitrated loratadine, 0.1 M 
Britton-Robinson buffer with a pH range of 1.5- 
13.5 was used. 30% ethanol as a co-solvent was 
also used. For analytical studies a pH 12 buffer 
solution was prepared as follows: add 10 ml 5 M 
NaOH, 30 ml 0.4 M H,BO, and 30 ml acetone 
and then make up to volume with distilled water. 

2.3.5. Cdihration CWYVP 
Solutions for the calibration curve were individ- 

ually prepared by diluting the standard solution 
with pH 12 buffer to obtain solutions which 
varied from 1 x lop5 M to 1 x 10.. 4 M. 

2.3.6. Synthetic samples 
Synthetic samples from recovery studies were 

prepared by weighing 10 mg plus suitable excipi- 
ents according to the manufacturer’s batch formu- 
las for 10 mg loratadine tablets. The excipients 
tested were magnesium stearate, starch and lac- 
tose. The pure loratadine plus excipients mixture 
was homogenized and then the above nitration 
procedure was followed. Following the nitration 
procedure and suitable dilutions, the solutions 
were directly assayed by polarography and spec- 
trophometry. 

2.3.7. Tablet assay 
Each loratadine tablet (Clarityne’“‘, Lab. Scher- 

ing, Santiago, Chile) was finely ground and then 
nitrated and diluted according to the above nitra- 
tion procedure. After the nitration procedure and 
adequate dilutions the solutions were directly as- 
sayed by polarography and spectrophometry. 

2.3.8. Polarography 
Before the polarographic experiments all the 

solutions were purged with pure nitrogen for 5 

min. All the potentials are referenced to the SCE. 
The operating conditions were (a) DPP mode: 
pulse amplitude, 50 mV; potential scan rate, 5 mV 
S ~~ ‘; drop time, 1 s; potential range, 0 to - 1000 
mV; current range, l- 10 PA full scale; (b) d.c. 
mode: potential scan rate, 5 mV s ‘: drop time, 1 
s; potential range, 0 to - 1000 mV; current range, 
0.555 PA full scale. 

2.3.9. Spectrophotomtr~ 
The same solutions as for the polarographic 

measurements were filtered and measured with the 
spectrophotometer at 269 nm. As a reference a 
buffer solution of pH 12 was used. 

3. Results and discussion 

Loratadine is not polarographically reducible as 
evidenced by the absence of waves in the available 
potential range. Consequently, in order to obtain 
a polarographic signal we tried a derivatization 
method in order to transform the drug into an 
electroactive moiety, in this case a nitration proce- 
dure. According to the described nitration proce- 
dure we have obtained a very well-defined 
polarographic peak, or wave (Fig. 2). with peak 
potential or half wave potential of ~ 770 mV vs. 
SCE by differential pulse or d.c. polarography 
respectively. In addition, by following the limiting 
current of this peak, or wave, it is possible to 
control the nitration procedure. Specifically, this 
procedure is very sensitive to the following 
parameters: concentration of the nitration mix- 
ture, time of reaction and temperature. In Fig. 3 
the dependence of the nitrate concentration of the 
nitration mixture on the peak current of the NO,- 
loratadine derivative is shown. It can be con- 
cluded that above 7 mg sodium nitrate per ml 
H,SO, the quantity of the NOz-loratadine deriva- 
tive remains constant. In order to obtain suitable 
nitration conditions we recommend a concentra- 
tion of 10 mg sodium nitrate per ml H,SO,. The 
nitration procedure is only slightly dependent on 
reaction time. However, in order to secure both a 
complete dissolution of the drug and adequate 
reproducibility in terms of the extent of the reac- 
tion, a reaction time of 10 min is recommended. 
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Fig, 2. DP and d.c. polarograma of 5 x IO ’ M solution of 
treated loratadine in buffer. pH 12. aqueous butTeracetone 
(7030. Vh). 

Furthermore, the nitration procedure is strongly 
dependent on temperature. In Fig. 4 the effect of 
increasing reaction temperature on the differential 
pulse polarogram of the reaction product is 
shown. From this behavior it can be concluded 
that at temperatures > 30°C a second peak ap- 
pears, at approximately - 540 mV. 

In order to confirm the nitration procedure and 
to identify the nitrated derivative we have used IR 
and NMR spectroscopy. Firstly, we have confi- 
rmed that nitration occurs by comparison of the 
IR spectrum of loratadine with the IR spectrum 
of the nitrate derivative. The latter spectrum 
shows two bands. at 1530 cm - ’ and 1350 cm ~ ‘, 
that do not appear in the loratadine IR spectrum. 
These bands are characteristic of nitro groups [9], 
thus confirming the nitration of loratadine. Sec- 
ondly, considering the structural analysis of the 

molecule, there are two main possibilities for ni- 
tration, namely the pyridine and chlorobenzene 
moieties (Fig. 1). However, the ‘H-NMR spec- 
trum of the nitrated derivative shows the follow- 
ing signals: b: 7.20 (d,d lH, 3-H, J== 8 Hz); 7.50 
(d,d, lH, 4-H, f=8, J==4.5 Hz) and 8.47 (d,d, 
1H. 2-H, J = 8, J = 4.5 Hz), indicating that there 
is not substitution in the pyridine moiety. Conse- 
quently, the nitro substitution occurs in position 7 
of the chlorobenzene moiety, producing the nitro- 
loratadine derivative (Fig. 1). Furthermore, the 
second polarographic peak that appears at more 
anodic potential (Fig. 4) may be explained by 
considering a side product of the nitration reac- 
tion when the reaction temperature is > 30°C. 
This side product is a quinone derivative pro- 
duced due to the further oxidation of the nitro 
derivative, according to Scheme 1. The quinone 
group was confirmed by the green color obtained 
in the presence of ammonia and the reduction 
peak at more anodic potentials can be ascribed to 
the reduction of the quinone moiety. 

As a result of our selected temperature condi- 
tions (cooling over ice) only one peak due to the 
reduction of the NOz-loratadine was observed. 
Specifically, the electroactivity is due to the four- 
electron reduction of the nitro-aromatic moiety 

10 20 30 40 50 60 70 

Cont. NaN03 [ mglmL] 

Fig. 3. Etkct of the nitrate concentration in the nitration 
mixture on the nitro-loratadine derivative formation. 
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Fig. 4. Etlect of increasing temperature on the nitration reac- 
tion. 

according to the well-known global mechanism 
[lo]: 

ArNO, + 4e ~ + 4H + -+ ArNHOH + H,O (1) 

To examine the effect of pH on the limiting 
current and peak potential, a series of d.c. and DP 

_c Hg _) ;$cl a z&c +ZH+ 

OH ‘H OH 0 

Scheme I. Mechanism of the loratadine nitration and further 
oxidation at higher temperatures. 

001 i~-~, .~~---~-- 
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PH 

Fig. 5. pH dependence of the DPP peak potentials in nitrated 
loratadine solutions. 

polarograms were recorded for 5 x lops M lo- 
ratadine solutions in a 0.1 M BrittonRobinson 
buffer with 30% ethanol as a cosolvent. The be- 
havior of the peak potential with pH is given in 
Fig. 5. As can be seen the peak potential was 
shifted to more negative values, showing a linear 
dependence between pH 1.5 and pH 10.5, with a 
break at approximately pH 5. Above pH 10.5 the 
potential peak is pH-independent, suggesting that 
no protons are involved previously or in the rate- 
determining step. This fact implies that in a 
strongly alkaline medium the rate-determining 
step is the transfer of the first electron, without 
previous protonation. This pH behavior is typical 
for nitroaromatic compounds [l 11. Furthermore, 
linear sweep voltammetric experiments reveal the 
presence of a very sharp asymmetric peak indicat- 
ing both the irreversible character of the reduction 
process and the weak adsorption of the electroac- 
tive species [I 21. 

In contrast, the limiting current of the NO,-lo- 
ratadine derivative in DPP remains practically 
constant over all the pH range. However, in DPP 
the peak current shows a distinct change with pH 
(Fig. 6). This change is because in DPP mode the 
peak current is strongly dependent on the re- 
versibility of the process, i.e. irreversible redox 
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systems result in lower and broader current peaks 
compared with those predicted for reversible sys- 
tems [13]. In our case we have a distinct change in 
the reversibility of the electrode process with pH, 
with a greater degree of reversibility at basic pHs. 
To obtain better resolution and reproducibility we 
have selected pH 12 for further studies. In order 
to clarify the nature of the electrode process that 
controls the limiting current, we studied the limit- 
ing current behavior as a function of the height of 
the mercury column. From this study we obtained 
a linear relation between the limiting current and 
the square root of the height of the mercury 
column (corrected for back pressure), showing 
diffusion control of the electrode process. Conse- 
quently, we have also obtained a linear relation 
between the peak current and loratadine concen- 
trations with a linear range between 1 x 10 -7 M 
and 1 x 10 4 and a detection limit of 1 x 10 ’ M 
by DPP at pH 12. The determination of the 
detection limit was effected by comparison with a 
blank signal, being positive when the signal sur- 
passed the signal-to-noise ratio by a factor of 
three. In order to quantify the drug, we have used 
the calibration curve method with concentrations 
ranging between 1 x 1OW’ M and 1 x lop4 M. 
The calibration curve is described by the follow- 

1 .a 
i 

0.6 -I 

06 

04- 

Fig. 6. Peak current dependence of the DPP peak in nitrated 
lordtadine solutions. 

ing regression curve: 

i&A) = 80.02 x lO”C(M) + 0.199 (2) 

(correlation coefficient = 0.999. y1= 10, pH = 12, 
T = 25”C), where ip is the peak current and C is 
the loratadine concentration. The reproducibility 
of the method was calculated from ten indepen- 
dent runs of a 5 x lo- 5 M loratadine solution, 
obtaining an RSD of 1.4%. In order to check the 
accuracy and precision of the developed method, 
we have also carried out a recovery study, obtain- 
ing a recovery of 98.97% with an RSD of 1.81%. 
From these results we can conclude that the 
method is sufficiently accurate and precise in or- 
der to be applied to pharmaceutical forms. The 
result for the individual tablet assay for commer- 
cial tablets containing 10 mg of loratadine shows 
a mean of 10.02 mg with an RSD of 1.67% for 10 
individual tablets. Furthermore, to obtain com- 
parative results a UV spectrophotometric method 
was also developed. Loratadine adsorption spec- 
tra exhibit two poorly-resolved absorption max- 
ima at 240 and 280 nm; however, the 
NO,-loratadine absorption spectrum exhibits a 
well-defined UV absorption maximum with a 
higher absorbance at 269 nm. The maximum ex- 
hibits a linear relation between absorbance and 
drug concentration. For analytical determination 
the calibration curve method, with concentrations 
ranging between 1 x lop5 M and 1 x lo-” M, 
was used. This curve is described by the following 
regression line: 

A = 13.5 x lO”C(M) - 3.8 x 10 ’ (3) 

(correlation coefficient = 0.999, n = lo), where A 
is the absorbance of NO,-loratadine solution at 
269 nm. The results of the recovery study (99.9% 
recovery. 1.82%, RSD) and individual tablet assay 
(10.08 mg, 1.83’s RSD) are in accord with the 
polarographic results. 

Although both the developed methods showed 
similar accuracy and precision, the principal ad- 
vantage of the proposed polarographic method 
over the spectrophotometric method is that the 
excipients do not interfere and consequently the 
filtration procedure is not necessary. 

The proposed polarographic method proved to 
have adequate precision and accuracy to enable 
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reliable analysis of loratadine and is therefore 
recommended as a useful tool for the analysis of 
loratadine in pharmaceutical forms. Although it 
is an indirect method, it is not time consuming 
as the derivatization process is easy. Conse- 
quently, the present contribution is a good exam- 

ple of the fact that the availability of 
electrochemical techniques is not restricted to 
molecules with electroactive groups. 
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Abstract 

A simple and accurate extractive spectrophotometric procedure was developed for the microdetermination of 
periodate and iodate in aqueous media. The determination of periodate was based upon the extraction of the ion-pair 
formed between the periodate and tetramethylammonium iodide at pH 4 in chloroform followed by direct 
spectrophotometric measurements at 509, 358 and 288 nm. The optimum concentration range evaluated by 
Ringbom’s plot, the molar absorptivity. the Sandell’s sensitivity and the stoichiometry of the formed ion-pair were 
critically determined. Iodate could be determined quantitively by the proposed procedure after oxidation to periodate 
with potassium persulphate. The effect of the diverse ions on the determination of the periodate and/or iodate by the 
proposed procedures was also investigated. The application of the method for the analysis of iodate or periodate in 
the artificial fresh water was successfully carried out. 

Keywords: Determination: Iodate; Ion-pair: Periodate 

1. Introduction 

Because iodate and periodate exclusively associ- 
ate with oxidation of metal ions [l-6], polyhy- 
droxylated compounds [6,7] and catalytic applica- 
tions [S] at trace levels, sensitive methods are 
required for their reliable quantitification. Several 

* Corresponding author. 
‘Permanent address: Chemistry Department, Faculty of Sci- 

ence at Damiatta. Mansoura University, Mansoura. Egypt. 

spectrophotometric methods for the determina- 
tion of both ions have been reported [9-131. The 
existing methods for spectrophotometric determi- 
nation of these ions were unsatisfactory for rou- 
tine analysis as the procedures required direct 
maintenance of the experimental conditions (e.g. a 
strictly fixed pH, standing of the samples before 
the determination and low stability of the com- 
pound formed) and suffer from the lack of selec- 
tivity, sensitivity, the requirement of a laborious 
enrichment step and a low tolerance limit [12,13]. 

0039.9140~96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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The oxoanions are the least investigated species 
that form a liquid-liquid extractable ion-pair 
with onium cations [14-181. The aim of the 
present study was to develop a simple and sensi- 
tive extraction spectrophotometric analytical pro- 
cedure for the determination of periodate or 
iodate ions in aqueous matrices. The method we 
suggest is superior to some of the reported meth- 
ods in sensitivity, and stability of the associate 
obtained [ 1 1 - 131. 

2. Experimental 

2. I. Reagents and materich 

All the chemicals and solvents used were of 
analytical reagent grade. Britton-Robinson (BP 
R) buffer (pH 2.2- 11.5) was prepared from boric, 
acetic and phosphoric acids and sodium hydrox- 
ide in double distilled water. Stock solutions of 
potassium periodate (BDH) and potassium iodate 
(1 mg ml ‘) were prepared separately by dissolv- 
ing the extract weight of the corresponding salt in 
hot distilled water. The reagent tetramethylammo- 
nium iodide (Fluka, Purum > 98%) was used 
without further purification. Tetramethylammo- 
nium iodide (TMA- I -) (0.5% w/v) and potas- 
sium persulphate (2”/0 w/v) were prepared in 
distilled water. 

2.2. Apparutus 

A Pye-Unicam Sp 8-400 double beam UV-visi- 
ble spectrophotometer was used for recording the 
absorption spectra and the absorbance measure- 
ments with a quartz cell of 10 mm path length. A 
Phillips 9418 digital pH-meter was used for the 
pH measurements. 

2.3. Recommended procedures 

2.3.1. Determination of pwiodate ion 
An aliquot (l-5 ml) of the aqueous solution of 

potassium periodate containing l-50 pug of perio- 
date ion was transferred to a 100 ml separating 
funnel. A volume of 10 ml of Britton-Robinson 
buffer (pH 4), 5 ml of water and 5 ml of te- 

tramethylammonium iodide (0.5% w/v) were 
added and mixed. This was extracted twice with 5 
ml of chloroform (2 x 2.5) and the extracts were 
collected in a 50 ml beaker containing anhydrous 
sodium sulphate (1 g). The beaker was swirled to 
mix the contents. The extract was transferred to a 
10 ml volumetric flask, the residue was washed 
with 5 ml CHCl, and transfered to the volumetric 
flask. The solution was made up to the mark with 
the solvent. The absorbance of the organic phase 
was measured at 509, 358 and 288 nm against a 
reagent blank prepared under the same experi- 
mental condition. 

2.3.2. Determinution of iodute ion 
A known volume (l-10 ml) of sodium iodate 

solution (containing l-50 ,Llg of iodate ions) was 
transferred to a 100 ml Erlenmeyer conical flask. 
A volume of 10 ml of potassium persulphate (2% 
w/v) and 10 ml of water were added to each flask, 
the solution was boiled for 10 min and the reac- 
tion mixture was allowed to cool. The pH of the 
solution was adjusted (pH 4) with 10 ml buffer 
followed by the addition of 5 ml of the reagent 
(TMA + I -). The reaction mixture and the wash- 
ing solution of the flask were transferred to a 100 
ml separating funnel. The formed ion-pair was 
extracted with 5 ml chloroform (2 x 2.5) and the 
recommended procedure for periodate determina- 
tion was followed. A blank prepared under the 
same experimental conditions in the presence of 
potassium persulphate was run. 

3. Results and discussion 

The technique suggested for the determination 
of the periodate ions was based on its interaction 
in acidic medium with an excess of tetramethy- 
lammonium iodide. The solubility of the pro- 
duced ion associate of the periodate with 
(TMA + I -) was investigated in the following sol- 
vents: dichloromethane, n-hexane, dichloro- 
ethane, isobutylether, benzene, nitrobenzene, te- 
trachloromethane, chloroform and toluene. The 
highest absorbance of the produced ion-associate 
was obtained in chloroform and toluene in a very 
short time. In chloroform the extraction was com- 
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plete and a better separation of phases was ob- 
tained. Therefore, chloroform was selected as a 
proper solvent for these reasons and because its 
greater density allows a better separation of the 
layers. The absorption spectrum of the formed 
yellow-violet ion-pair in chloroform extracted 
from the aqueous solution at pH 4 is given in Fig. 
l(a). The coloured ion associate formed has three 
absorption maxima at 509, 358 and 288 nm in the 
UV-visible region whilst no peaks were found in 
this range in the spectra of (TMA +I -) and the 
periodate in chloroform. Therefore. the ab- 
sorbance measurements for the ion-associate 
formed from the reaction of (TMA + 1~ ) and 10, 
were measured at 509, 358 and 288 nm. In Fig. 
l(b) the absorption spectrum of iodine in chloro- 
form is also given which differs from the spectrum 
of the postulated ion-pair. 

The extraction of the formed ion-associate into 
chloroform was rapid and a shaking time of 2 min 
was selected in the subsequent work. The ab- 
sorbance of the pink-coloured associate in chloro- 

I I 
0 
6 

N 
d 

d 

300 400 500 

Fig. I. Absorption spectra of the extracted ion-pair formed 
between (TMA+ I -) and periodate ions (a) at pH 4 or the 
aqueous phase and iodine (b) in chloroform. 

0.4 

0.3 

0.2 

0.1 

2 4 6 a 
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Fig. 2. Influence of pH of the aqueous phase on the ab- 
sorbance of the extracted ion-pair in chloroform at 509 nm. 

form was found to be constant up to 2 h for 
samples containing 0.05- 10 pug ml ~ ’ periodate in 
aqueous solution at pH 4 and i. = 509 and 358 
nm. The addition of sodium chloride in the con- 
centration range O.OlLO.5 mol 1 ’ did not im- 
prove the amount of the ion-associate extracted at 
5 pug ml ~~’ periodate aqueous phase at pH 4 
suggesting that the reaction is quantitative with- 
out salt effect. 

To optimize the reaction conditions we studied 
the effect of the pH of the aqueous phase upon 
the interaction of the periodate with (TMA + I -) 
by measuring the absorbance of the produced 
ion-associate in chloroform. The final pH of each 
aqueous solution was measured before the extrac- 
tion. The experimental data (Fig. 2)’ showed that 
the maximum absorption of the produced ion-pair 
was obtained at pH 4. In strong (pH < 4) or weak 
acidic solution (4 < pH) the absorbance of the 
extracted species decreased owing to the incom- 
plete dissociation of the periodate salt or the 
hydrolysis of the ion-associate formed. When HCl 

’ Each point in the figures represents an average of five 
measurements. 
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or HCIO, was used instead of BrittonRobinson 
buffer (pH 3-4) no significant differences in the 
absorbance values were observed. Thus a B-R 
buffer solution of pH 4 was finally chosen and 
employed as described in the recommended proce- 
dures. 

Tetramethylammonium hexafluorophosphate, 
tetraphenylphosphonium chloride, tetramethy- 
lammonium iodide, tetramethylammonium bro- 
mide, tetramethylammonium chloride and 
tetraphenylarsonium chloride were investigated at 
the optimum pH. Good results were obtained 
with tetramethylammonium iodide and the 
highest absorbance of the coloured associate was 
obtained in chloroform from an aqueous solution 
of pH 4. The effect of (TMA + I ~ ) concentration 
upon the determination of periodate was studied. 
The absorbances of the extracted species in chlo- 
roform for a series of solutions containing lo-20 
pg of periodate and various amounts of the 
reagent (TMA + 1~ ) up to 1.2’1/0 (w/v) in water at 
pH 4 was examined. It was found that 5 ml of 
(TMA+ I -) at a concentration of d 0.5% (w/v) 
was sufficient to form the ion-associate for 20 ,~g 
or less of periodate ion (Fig. 3). 

0.8 

: 

: 
P 
h 0.6 

: 
0 
< 

0.4 

0.2 

0.2 0.4 0.6 0.8 

(TMA+~-) , 7. w/v 

0 

Fig. 3. Dependence of the absorbance (at i. = 509 nm) of the 
formed ion-pair in chloroform with (TMA I-) concentration 
(‘%I w/b) in aqueous solution. 

The mechanism of the produced ion-associate 
was critically investigated. It appears from Fig. 1 
that the extracted product is not iodine nor an 
ion-pair between periodate ion and TMA + Actu- 
ally, the reaction of (TMA + I -) with periodate 
ions gave quasi-immediately a red-orange precipi- 
tate which was readily extracted in chloroform (in 
yellow-violet colour). This reaction appears to 
proceed in two successive steps: (1) a rapid one 
involving the liberation of some iodine and subse- 
quently (2) formation of the precipitate. These 
results suggest the possible formation of the com- 
plex ion 1, which subsequently may interact with 
the tetramethylammonium cation. These results 
were also confirmed by reacting the triiodide ion 
1; (prepared from I, + KI) with the tetramethy- 
lammonium cation followed by extracting the 
produced species in chloroform. The electronic 
spectrum of this species was exactly similar to the 
spectrum of the produced ion associate from the 
reaction of (TMA+I-) with periodate ions. Thus 
a possible mechanism of the produced ion-associ- 
ate (CH,),N + I; is proposed as follows: 

7(CH,),N + I ~ + IO, + 8H + 

cs 41, + 4H,O + 7(CH,),N + 

4(CH,),N + I - + 41,$4(CH,),N + I, 

and the overall reaction is 

(1) 

(2) 

1 l(CH,),N + I - + IO, + SH + 

e 4(CH,),N + I, + 7(CH,),N + + 4H,O (3) 

These results also explain why only (CH,),N + 1, 
gives good results since there is a need to have an 
excess of iodide ion in solution to form the com- 
plex ion I,, as indicated in Eqs. (l)-(3). For 
instance, with tetramethylammonium chloride pe- 
riodate gives iodine at a slow rate but there is no 
iodide to form the complex ion I,. However. on 
reacting periodate ions with tetramethylammo- 
nium bromide no colour is formed. 

3.1. Photometric characteristics 

The comoposition of the ion-pair (CH,),N + 1, 
was established spectrophotometrically by the 
Job’s method. Equimolar solutions of potassium 
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0.2 0.4 0.6 0.8 

IO, 

10, + TMA+l- 

Fig. 4. Determination of the composition of the extracted 
ion-associate by the Job’s method: [IO,] = 0.002 (I ml) and 
[(TMA+ I -)I = 0.001 at 509 nm. 

periodate and the (TMA+ I -) reagent of a con- 
centration of 0.001 M were mixed in complemen- 
tary proportions to a fixed total volume and the 
pH of the solutions was adjusted to pH 4. The 
mixture was allowed to stand for 5 min for com- 
pletion of the reaction. The ion-associate was then 
extracted with 5 ml chloroform and the ab- 
sorbance was measured against a blank obtained 
by extraction of the reagent containing no perio- 
date. A plot of absorbance of the extracted ion- 
associate in chloroform versus [IO, ]/[IO,~] + 
[TMA + 1-1 produced a graph (Fig. 4) that indi- 
cated the formation of an associate having a 
periodate to a reagent ratio of 1:l. 

Linear graphs at 509, 358 and 288 nm were 
obtained by recording the absorbance of the asso- 
ciate (CH,),N + 1, in organic phase as a func- 
tionof periodate ion concentration. Beer’s law was 
obeyed between 0.05510 mg 1 ’ periodate in 
aqueous solution of pH 4. The effective concen- 
tration of periodate as evaluated by Ringbom’s 
plot [19] was found to be 0.227 mg 1 ‘. The 
molar absorptivity calculated from Beer’s law and 

the Sandell [20] sensitivity index of the associate 
(CH,),N + 1, at 509 and 358 nm was found to be 
6.4 x lo4 and 1.2 x lo5 1 molt ’ cm ’ and 0.0003 
and 0.0006 pg cm ~ 2, respectively. The selectivity 
and sensitivity of the spectrophotometric mea- 
surement is far better than the recent spectropho- 
tometric procedure developed by Kamburova [13] 
and Fernandez-Gutierre et al. [21] since in the 
present work the measurements were carried out 
in the visible region while in the reported method 
[13] all the absorbance data were recorded in the 
UV region. The relative standard deviations of 
five measurements with 10 pg periodate, (at 95% 
confidence limit) of the method were 0.8% and 
1.2% at 509 and 358 nm, respectively. Detection 
limits [22] of 0.016 and 0.03 pg ml ~ ’ of periodate 
and regression coefficients of 0.996 and 0.942 were 
achieved by the proposed procedure at 358 and 
509 nm, respectively. Regression analysis of the 
Beer-Lambert plot of the absorbance at 358 nm 
(A,,,) and the concentration of periodate (C) in 
mg ml ~ ’ in the range of I- 10 pug ml ’ gave the 
following linear regression equation: 

A 15R = 0.026 + 0.035C (n = 5) (4) 

This equation has a slope of 0.035 with an inter- 
cept of 0.02 1. 

3.2. Determination of iodate ions 

Preliminary experiments showed interference of 
iodate with the proposed procedure of periodate 
determination. The reaction of the iodate ions 
with the reagent (CH,),N + 1, is slow and possi- 
bly proceeds to produce the ion-associate 
(CH,),N + I, as follows: 

S(CH,),N-I + IO, + 6H + 

e 31, + S(CH,),N + + 3H,O (5) 

The produced iodine may react with the iodide 
ion of the excess reagent (CH,),N +I ~ to form 
the complex ion 1, which subsequently reacts 
with the tetramethylammonium cation to form 
the ion-associate (CH,),N + 1,. Therefore differ- 
ent attempts involving oxidation of iodate to peri- 
odate were carried out. A series of oxidizing 
agents, e.g. K,S,O,, H,O, and KMnO, were used 
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for the possible oxidation of IO, ~ + IO, . Boiling 
the iodate ions for 10 min with potassium persul- 
phate (2% w/v) in water was found to be the most 
convenient procedure for the oxidation of the 
iodate to periodate without interference of the 
unreacted persulphate. The determination of vari- 
ous levels (l-50 ,ug ml ‘) of iodate in aqueous 
solution was carried out and satisfactory results 
with absolute standard deviations (n = 5) in the 
range 0.2-0.35 were achieved. A linear correla- 
tion (u = 0.967) was found between the ab- 
sorbance at 509 nm (A,,,) and concentration of 
iodate (C) in ,ug ml ’ in the range l-20 @g 
ml ~ ’ Regression analysis of Beer’s plot gave the 
following linear regressin equation: 

A 509 = 0.035 + 0.039c (n = 5) (6) 

3.3. Eflkct of diverse ions 

The selectivity of the proposed method in the 
presence of a relatively high excess (2 mg) of some 
ions, e.g. NO,, Br ~, SO: ~, CO: -, HCO, , 
$0; ~, AsO,, SbO, , EDTA’ , C20$ ~, S,O: -~, 
SCN-, SeO:-, TeOz-, PO:-: BiO,, WOi-, 
SeO:-, BrO, and MOO:- upon the extraction 
equilibrium in the determination of 10 pug of 
periodate (or iodate) by the proposed procedure 
was studied. Good recoveries in the range 100 + 
2% were obtained with all the ions except S,O: ~, 
and BiO, ions interfered seriously. The tolerance 
limits of various cations (0.1 mg), e.g. NH,+, 
A13+, Cd2+, Zn2+, Pt2+, Au+, Pb’+, Co2+, 
Fe?+, Bi3+, Sri’+, Ni2+, Mg2+, Ba2+ and Lit, 
were also examined. All these ions did not inter- 
fere with the proposed method and a good recov- 
ery percentage (100 f 1.5%) was achieved. The 
ions Mn2 A) Cr6 +, Cr3 + , Mn7 + and Ru3 + inter- 
fered seriously even at very low concentrations. 
The reason for these interferences is possibly at- 
tributed to the ability of periodate ions in the 
aqueous media to oxidize Mn2 +, Cr”, Ru3 + 
and S,Oz ~ producing MnO, , Cr,O: , RuO, 
and IO, ions, respectively, at the developed ex- 
perimental conditions as previously reported [4- 
6,231. The produced species and the 
trioxobismuthate BiO, are possibly able to oxi- 
dize the iodide ion in the reagent (TMA’I -) 

producing iodine. A representative reaction possi- 
bly proceeds as follows: 

Cr,O: ~ + 6(CH,),N - I - + 14H + 

e 2Cr’+ + 6(CH,),N + + 31, + 7H,O (7) 

The produced iodine subsequently reacts with the 
iodide ion in the reagent (TMA + I-) forming the 
ion-associate (CH,),N +I, as given in Eq. (2). On 
the other hand, the S,O:- ions were found able 
to reduce the produced ion-associate (CH,),N+ 
1, to the iodide ion. 

The determination of 10 pg of periodate or 
iodate by the proposed procedure in artificial 
fresh water containing 10 mg 1~ ’ of sodium, 
calcium, chloride, sulphate and bicarbonate to- 
gether was carried out against a blank. The perio- 
date or iodate concentrations were determined by 
the preconstructed standard curves. The precision 
was 0.7% and the percentage error was in the 
range - 1.1%1.3%. 

4. Conclusion 

The proposed procedure for periodate or iodate 
determination is superior as compared to most of 
the reported procedures. It offers many advan- 
tages, e.g. good precision, accuracy, the obtained 
associate is very stable and no standing time is 
needed before determining the ions. The clear 
advantages of the method are that it is applicable 
for IO; (or IO,) determination in artificial sea 
water. The determination of IO, besides 10, or 
iodate besides IO, is not possible. 
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Abstract 

The stability (formation) constants of the binary Cu(I))CN- complexes have been measured in five aqueous 
mixtures containing from 10% to 70% v/v acetonitrile (MeCN) by glass electrode potentiometry at 25°C and an ionic 
strength of 1 M (NaClO,). The constants show monotonic increases with MeCN concentration, the changes being 
greatest for the higher order complexes, consistent with the unfavourable solvation of CN- in these mixtures. The 
sparing solubility of CuCN(s) prevented determination of the stability constant for CuCN” (soln.) at low MeCN 
concentrations. 

Keywords: Acetonitrile; Copper(I) cyanide complexes; Stability constants; Thermodynamics 

1. Introduction 

In the absence of complexing agents Cu(I) is 
unstable in aqueous solution, disproportionating 
to metallic copper and the more common Cu(I1) 
state [I]: 

2Cu(I) e Cm(s) + Cu(I1) K=z 10” 

Accordingly, the complexation chemistry of Cu(I) 
in aqueous solutions is rather poorly understood 
compared with that of Cu(I1). However, there is 
mounting evidence that Cu(I) may be the more 

* Corresponding author. Fax: (+61) 9-310-1711; e-mail: 
hefter@chem.murdoch.edu.au 

’ For Part 1 see K. Kurnia. D.E. Giles, P.M. May, P. Singh 
and G.T. Hefter, J. Coord. Chem., 38 (1996) 183. 

important oxidation state in some biological sys- 
tems [2,3] and in ore genesis and mineral trans- 
port processes [4]. In cyanide media Cu(I) is 
certainly predominant because, at least thermody- 
namically, Cu(I1) is reduced by CN -, forming 
cyanogen [5] in a reaction which may be notion- 
ally represented as 

2Cu(II) + 2CN ~ +2Cu(I) + (CN& 

This process is assisted by the very strong com- 
plexation [6,7] of Cu(I) by CN ~, presumably 
arising from the well-known d,-p,* ‘back-bond- 
ing’ of the d” Cu(I) orbitals to the low-lying n* 
orbitals of CN ~. 

Despite their considerable importance in a vari- 
ety of hydrometallurgical and environmental 

0039-9140~96~$15.00 0 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01875-9 
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situations [7] the stability constants of the 
Cu(I)/CN ~ complexes have not been well charac- 
terized in aqueous solution. There are seveal 
reasons for this, including the difficulty of de- 
tecting the CuCN”(aq) species on account of 
the instability of Cu(I) at low CN- concentra- 
tions, the sparing solubility of CuCN(s), the 
very high stability of the Cu(CN),*- (aq) 
species and its similarity in strength to 
CU(CN),~ .- (aq). 

Copper(I) can also be stabilized in aqueous 
solution by the addition of certain miscible non- 
aqueous solvents, the best known of which are the 
nitriles [&lo]. Stabilization of Cu(I) in aqueous 
acetonitrile has been exploited by Parker [ 11,121 to 
develop novel hydrometallurgical processes and by 
several workers [8,9] to study the complexation of 
Cu(1) by acetonitrile (MeCN). Consequently, it 
seemed worthwhile to attempt a precise study of 
the Cu(I)iCN ~ system in aqueous MeCN solu- 

2. Experimental 

All reagents were analytical grade, used without 
further purification. All solutions were made with 
high purity water (Millipore Milli-Q system) boiled 
and purged with nitrogen gas to remove CO, and 
Oz. A stock solution of % 0.2 M Cu(1) was pre- 
pared by dissolving copper(I) cyanide (Fluka, 99%) 
in excess sodium cyanide (BDH. 97%) to give a final 
solution with CN me,Cu(I) z 4. This solution was 
quite stable but was standardized from time to time 
against commercial 20.00 mM thiosulphate (BDH, 
concentrated volumetric standard) using the proce- 
dure described by Vogel [16]. Other reagents and 
methods of standardization were identical to those 
discussed in detail elsewhere [ 14,151. 

Stability constants were obtained by glass elec- 
trode potentiometry at 25.0 ? O.OOYC and with an 
ionic strength (I) of 1.00 M, maintained with 
NaClO,. The cells used may be represented as 

Reference half-cell Salt bridge Test solution 

Ag/AgC110.95 M NaClO, 1 M NaClO, (1 - =) M NaClO, I GE 

0.05 M NaCl P’/O MeCN:H 0 ! 2 x M NaCN 1’ M NaOH y, 

V%I MeCN/H,O - M CuClO, 1 

c’% MeCN/H 2 0 

tions. Such data are also useful for optimizing a 
recently developed ion-exchange chromatographic 
procedure which employs MeCN/H,O as the mo- 
bile phase to determine ‘active’ cyanide in complex 
metal/cyanide mixtures [13- 151. Such mixtures are 
typically encountered in the lixiviant solutions used 

The present paper therefore reports the stability 
constants of the cyanide complexes of Cu(1) in 

for the recovery of gold from its ores and in 

aqueous acetonitrile mixtures containing up to 

effluents from electroplating and gold extraction 

70% v/v MeCN, obtained by high precision glass 
electrode potentiometry. These data complement 
those previously reported for Cd(I1) and Zn(I1) 
cyanide complexes under the same conditions 

plants [4]. 

u41. 

where c is the volume percentage of MeCN (in ml 
MeCN per 100 ml solution) in the aqueous solvent 
mixture, GE is a glass electrode and E,, and EJ2 are 
liquid junction potentials (LJPs). The glass elec- 
trodes (three separate GE/reference electrode com- 

The apparatus and general procedures for the 
titrations are given elsewhere [ 14,181. Particular 

binations were used) were calibrated in terms of 

precautions were taken to minimize the volatiliza- 
tion of HCN and MeCN during the titrations. All 

[H ‘I. Since the cell is of the constant ionic strength 

titrations commenced at high pH (i.e. - log[H ‘-1) 

type and X. j;, L 

2 12.5, with varying total Cu(1) concentrations 
(2.5-5.0 mM) and (total) CN Ku(I) ratios of 

<< 1 M the LJPs can be assumed to 

four and five. The titrant was = 50 mM HClO, in 

be constant [ 171. 
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I = 1 M NaClO, in the appropriate MeCNiH,O 
mixture. 

During the course of the titrations a white 
precipitate was usually observed at pH = 4.5 ex- 
cept at MeCN concentrations 3 50% v/v. These 
precipitates were identified by X-ray diffraction to 
be CuCN (K,, = 3.2 x lo- I9 in water) [19]. Un- 
like the Cd(I1) and, to a lesser extent, the Zn(II)/ 
CN ~ systems [ 14,15,18], these precipitates did not 
in general re-dissolve at low pH. This made the 
determination of the lower order stability con- 
stants difficult in mixtures not rich in MeCN. 

Complex formation in the Cu(I)/CN- system 
can be represented by the general equilibrium 
(omitting charges for simplicity): 

pCu + qCN + rH,O + Cu,,(CN),(OH), + rH 
(1) 

for which the corresponding overall stability (for- 
mation) constant of the complex CU,~(CN),(OH), 
is 

p 
PY’ 

= P-+ACN,(OW,lKi. 
[Cul”[CN]“[OH]’ 

(2) 

where 

is the ion product of water under the conditions 
of the experiment. Since HCN is a very weak acid 
[6,19] it is also necessary to know its association 
constant, Ka,,,: 

Table I 
Formation constants of water and HCN in MeCN/H,O mix- 
tures at 25°C and I= I M (NaCIO,) 

%MeCN PK log K,,, (HCN) 

0.0 13.7518(8) 9.0330( IO) 
10.0 13.9162(10) 9.1209(15) 
20.0 14.1920(10) 9.2844( 1 I) 
30.0 14.4184(7) 9.4260(20) 
50.0 14.9705(9) 9.933X(24) 
70.0 15.9189(17) 10X531(26) 

a Data from Ref. [15,20]. Values in parentheses are standard 
deviations in the last significant figure of the constant and 
refer to the internal precision of the computer calculations: the 
maximum uncertainties are generally an order of magnitude 
larger. 

(4) 

The determination of K,,, and K,,, under cond- 
tions identical to the present study is described in 
detail elsewhere [20] but for convenience the val- 
ues used in the determination of the Cu(I)/CN ~ 
complexes are listed in Table 1. 

Stability constants for the Cu(I)/CN- system 
were obtained from the potentiometric data using 
the ESTA suite of programs [21L23]. Model selec- 
tion was based on minimization of an objective 
function in total analytical hydrogen ion concen- 
tration with unit weights as defined in Ref. [21]. 
Species were generally considered acceptable only 
if the objective function was significantly reduced 
( 3 50%) by their inclusion, along with a consider- 
ation of the formation curves, and the standard 
deviations and chemical reasonableness of the 
complexes detected. 

For a metal-cyanide system the metal-ion for- 
mation function, .&, can be formulated (again 
omitting charges) as 

zvl = WCN - A (1 - M%, W’M (5) 

where ri is the total (analytical) concentration of 
the species i (CN or M) and 

A = [U’, - WI + J&WI ~ ‘)iPo,,[Hll (6) 

When only mononuclear complexes (i.e. p = 1 in 
Eq. (1)) are formed, as in the present study, A is 
the free ligand concentration and Z, can be 
considered as the average number of ligands 
bound per metal ion. When the most likely set of 
species was determined, the precision of the calcu- 
lated formation constants was determined using a 
Monte-Carlo procedure as described previously 
[18,23]. 

3. Results and discussion 

Typical titration data at low and high MeCN 
concentrations are shown in Figs. 1 and 2 respec- 
tively and require comment. Both curves exhibit 
the ‘curl-backs’ at high pH (low PA) character- 
istic of the presence of ternary complexes 
Cu,(CN),(OH),.(J’ Pq I)+ and/or metal hydroxo 
complexes Cu,(OH),‘P - I)+. However, as for the 
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I  2 3 1 h 7 8 

PA 

Fig. I. Observed formation function ,?,,, for the Cu(I)/CN 
system in 30% v/v MeCN, typical of lower ( < 30% v/v) 
MeCN concentrations plotted against pA over the approxi- 
mate pH range 5-12: the different symbols refer to differing 
values of T,, and T,.,. For discussion of the shapes of these 
curves see text. 

Cd(II) and Zn(I1) systems studied previously 
[14,18], these data had to be excluded from the 
analysis because of the unavailability of the for- 
mation constants for the Cu(I)/OHP complexes 
[19]. Attempts to measure the Cu(I):OH- com- 
plexes by glass electrode potentiometry were un- 
successful due to precipitation of the sparingly 
soluble CuOH(s). Consequently, only the forma- 
tion constants for the binary Cu(I)iCN ~ com- 
plexes could be determined. 

The curves in Figs. 1 and 2 also share two other 
common features. First, they were independent of 
T,,, indicating that no ‘polynuclear’ (p > 1 in Eq. 

i 1 

-I i,.,““““‘L”““““““L”“““““‘-““’ 

2 1 4 I 6 i 8 9 10 II 
PA 

Fig. 2. Observed formation function z, in 70% v/v MeCN, 
typical of higher ( 2 50% v/v) MeCN concentrations, plotted 
against pA over the approximate pH range 2- 12; the different 
symbols refer to differing vsalues of T,, and T,,. For discus- 
sion of the shapes of these curves see text. 

(1)) species are formed over the concentration 
range studied. Secondly, 2, barely rises above 
3.0, which indicates that Cu(CN),‘-m is the pre- 
dominant species and that, over the concentration 
ranges studied, Cu(CN),‘- forms only to a very 
limited degree. 

As noted above, precipitation of CuCN(s) at 
lower MeCN concentrations prevented the inves- 
tigation of complexation at low free cyanide con- 
centrations (high pA, low pH) so the formation 
function curves in Fig. 1 are limited to z, > 1.0. 
Consequently it was not possible to evaluate 
Pllo(CuCNo) in these solutions. At higher MeCN 
concentrations no precipitation occurred and Z, 
was determined down to zero (Fig. 2). As the 
measurements at high MeCN concentrations ( L 
50% MeCN) were more straightforward they will 
be discussed first and in some detail. 

3.1. 50- 70% A4eCN 

At these relatively high MeCN concentrations 
no precipitation of CuCN(s) occurs and it was 
possible to obtain data over the pH range from 2 
to 13. The plateaux at &, = 2.0 and 3.0 (Fig. 2) 
indicate that the complexes Cu(CN),- and 
Cu(CN),* ~ were formed to a significant degree. 
Thus, model selection commenced with 
Cu(CN),- and Cu(CN),* -. As it was possible to 
cover the low pH (high PA) region, the system 
could be studied where 2, + 1.0 (Fig. 2). The 
lack of a plateau at &., = 1 indicates that CuCNO 
never becomes predominant. Nevertheless, evi- 
dence for CuCN’ was conclusive in both 50% and 
70% MeCN/H,O mixtures on the basis of our 
specified criteria: the objective function (OBJT) 
decreased by 94% and 99% in 50% and 70% 
MeCN respectively and the standard deviations 
for the other constants also improved. Consistent 
with the fact that Z, > 3.0 at high CN- concen- 
tration (low pH in Fig. 2), the addition of 
Cu(CN, 3 - had similar effects and was therefore 
accepted into the model. The ‘best estimates’ of 
the formation constants in these two media are 
summarized in Table 2. The low values of the 
objective function (especially in 70% MeCN) and 
the standard deviations on the plqo values are 
pleasing. It should be noted that the values listed 
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Formation constants of Cu(I)/CN- complexes in 50% and 70% MeCN at 25°C and I = I M (NaCIO,)“ 

MeCN (“4) v/v) Species log &,I Standard OBJT Number of Number of 
deviation’ titrations data points 

P ‘I r 

50 I I 0 
I 2 0 
1 3 0 
I 4 0 

70 I I 0 
I 2 0 
I 3 0 
I 4 0 

8.760 0.01 I 1.04 x JO-8 8 297 
16.521 0.009 
22.215 0.012 
25.948 0.015 

8.714 0.005 3.06 x IO-~” 8 334 
16.769 0.004 
22.422 0.006 
26.438 0.012 

.’ Species and stability constants as defined in Eqs. (I) and (2) respectively. 
’ Standard deviations refer to the internal precision of the computer calculations; maximum uncertainties are generally an order of 
magnitude larger. 

in Table 2 represent the first time it has been 
possible to fix with any precision a value for /I,,,, 
for the formation of the CuCN’ complex in any 
medium. This is undoubtedly a reflection of the 
stabilization of Cu(1) at low TcN in the presence of 
high MeCN concentrations by complexation (i.e. 
solvation) of the CuCN” complex by MeCN 
molecules in the solvent mixture. That is to say, 
the CuCNO species detected here is better repre- 
sented as [Cu(NC)(NCCH),),,]” (soln.) where n 
could be 1, 2, 3 or more (the CH,CN molecules, 
being part of the solvent, are potentiometrically 
‘invisible’). This species is likely to have quite 
different characteristics to [CU(NC)(OH,),.]~ (as), 
if such a species exists at all. Such considerations 
are probably best resolved by NMR spectroscopy 
but this is beyond the scope of the present study. 

3.2. lo- 30% MeCN 

The ‘best estimates’ for the formation constants 
of the Cu(I)/CN complexes in 10~30% MeCN/ 
H,O mixtures are given in Table 3. As noted 
above, the accessible pH range in these solvent 
mixtures was limited by the precipitation of 
CuCN(s). Thus, as can be seen in Fig. 1, it was not 
possible to investigate below 2, 2 1.2. Conse- 
quently, in 10% and 20% MeCN, PllO(CuCN”) 
was omitted and model selection was based on the 
two complexes for which the evidence (from the 

infection point at Z, = 2.0 and the plateau at 
Z, = 3.0) is clearcut: Cu(CN), and CU(CN),~-. 
Inclusion of Cu(CN),‘- resulted in only small 
improvements in the unweighted objective func- 
tion. However, as its incorporation lowered the 
standard deviations of plzO and p,30 without sig- 
nificantly altering the optimized stability constants 
themselves, CU(CN),~ ~ was retained in the final 
model. The difficulty of detecting CU(CN),~- is 
reflected in the &,, values (Fig. l), which barely 
rise above 3.0, and the large standard deviations 
for /I,4o (Table 3). Similar difficulties have been 
reported by previous workers [6]. 

In 30% MeCN (Fig. l), where Z, clearly falls 
below 2 at low pH values, indicating less than 
complete formation of Cu(CN), - it was necessary 
to fix the value of /Ill0 (CuCN”) to obtain a 
satisfactory fit. The value chosen, log /I,,,, = 8.76, 
was that measured for 50% MeCN. Numerical 
attempts to simultaneously evaluate /Jllo with the 
other species in the model failed to converge. 

3.3. The variation of Cu(CN),” ~ ‘I) + stabilities 
\+ith solvent composition 

The variation of the stability constants ex- 
pressed as the change in log b,,” between H,O and 
MeCN/H,O, of the three higher order cyanide 
complexes of Cu(1) is plotted in Fig. 3 as a 
function of MeCN concentration. The first com- 
plex is omitted because of the detection difficulties 
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Table 3 
Formation constants of Cu(I):‘CN complexes in 10 %, 20% and 30’%1 MeCN at 25°C and I= I M (NaCIO,)’ 

MeCN:H,O (‘X, v/v) Species 1% 8,,, Standard OBJT Number of Number of 
deviationb titrations data points 

P q r 

IO I I 0 2.93 x IOmX 8 188 
I 2 0 14.432 0.024 
I 3 0 19.750 0.025 
I 4 0 21.602 0.111 

20 1 1 0 3.16x IO ’ I I68 
I 2 0 14.819 0.027 
I 3 0 20.088 0.031 
I 4 0 21.574 0.396 

30 I I 0 (8.76)’ l.83xlo-x 9 230 
I 2 0 15.468 0.01 I 
I 3 0 20.667 0.012 
I 4 0 22.991 0.055 

- 

a,’ As for Table 2. 
’ Fixed value, see text 

at low MeCN concentrations. Given the instabil- 
ity of uncomplexed Cu(1) in aqueous solution and 
the fact that o,,,, values cannot be measured in 
NaClO, media in water [6], it is not possible at 
present to rationalise the results in terms of the 
solvation characteristics of each species. Never- 
theless, some general observations can be made. 

Fig. 3. Variation of the stability constants of Cu(CN),” -q’+ 
in MeCN Hz0 mixtures: 

Cu(1) is very strongly preferentially solvated by 
MeCN in MeCN/H,O mixtures and its coordina- 
tion sphere is likely to be fully occupied by MeCN 
molecules even in 10% MeCN/H,O solutions 
[lo- 121. Thus the increased stability of the 
Cu(CN),” - q, + species is almost certainly due 
to the increasingly unfavourable solvation of 
CN- as the MeCN concentration increases. This 
might at first seem surprising: the ‘soft’ MeCN 
might be expected to solvate the ‘soft’ CN- quite 
well. Nevertheless, it is consistent with the data of 
Muir et al., [24] which show that A,G(CN-) is 
positive for transfer from H,O to 70% MeCN. 
This interpretation is also consistent with the 
value of /?,40 showing the greatest increase (Fig. 

3). 
This can be seen more clearly by considering 

the (hypothetical) transfer of the reaction 

Cu + (soln.) + xCN ~ (soln.) z$ 

Cu(CN),(’ - ‘I+ (soln.) (7) 

from H,O to MeCN/H,O mixtures. It is readily 
shown [25] that 

Ar,tG = -2.303RTA log BY 

= A,G(Cu(CN),” -“‘+) - A,G(Cu+) 

- xA,G(CN -) (8) 
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where G is the Gibbs energy and the subscripts r 
and t refer to reaction (7) and the transfer process 
(H,O + MeCN/H,O) respectively. Strictly speak- 
ing, Eq. (8) should be expressed in terms of 
standard state (infinite dilution) values; however, 
activity effects should not be large in these signifi- 
cantly aqueous solutions. Assuming approxi- 
mately equal changes in solvation for the transfer 
of the various Cu(CN),” ‘I+ complexes, and 
given that A.,G(CN-) is positive [24]: Eq. (8) 
predicts that A log /3, will become increasingly 
positive as x increases. The apparent flattening 
out of the curves at higher MeCN concentrations 
is probably related to the subtle interplay of the 
relative values of the solvation energies of each of 
the species involved in Eq. (7). 

It is interesting that the variation of A log 0, 
with solvent composition is rather similar to those 
observed for Zn(I1) and Cd(I1) [14,15]. On the 
basis of Eq. (8) and the expectation that Zn(I1) 
and Cd(II) and (to a lesser extent) their cyanide 
complexes are significantly different from Cu(I), 
this is perhaps a little surprising. It is probably a 
reflection of the dominance of CN ~ solvation in 
determining the strength of cyanide complexation 
in mixed solvents. A similar effect has been re- 
ported for the ZnCl,,” ~ ‘I+ complexes in MeCNj 
H,O mixtures [25]. 

References 

[I] N.N. Greenwood and A. Earnshaw, Chemistry of the 
Elements, Pergamon, Oxford. 1984. 

[2] M.N. Hughes, The Inorganic Chemistry of Biological 
Processes, Wiley, New York. 1981. 

(31 

[41 

[51 

161 
[71 

PI 
[91 

[‘Ol 

1’11 

1121 
1131 

iI41 

[I51 
1161 

[I71 
IlY 

['91 

PO1 

P'l 

PI 
~231 
[241 

1251 

D.L. Rabenstein. R. Guevremont and C.A. Evans. in 
H.Siegel (Ed.), Metal Ions in Biological Systems, Marcel 
Dekker, New York, Vol. 9, 1973. p. 103. 
J. Marsden and I. House. The Chemistry of Gold Extrac- 
tion, Ellis Horwood, New York, 1993. 
A.G. Sharpe, The Chemistry of Cyano Complexes of the 
Transition Metals. Academic Press, London, 1976. 
M.T. Beck, Pure Appl. Chem., 59 (1987) 1703. 
G.T. Hefter and P.M. May, Proc. 5th AUSIMM Extrac- 
tive Metal]. Conf.. Perth. Australia, October, 1991, p. 
1399146. 
A. Zuberbuhler, Helv. Chim. Acta, 53 (1970) 473. 
P. Hemmerich and C. Sigwart, Experientia, 19 (1963) 488. 
B.G. Cox, A.J. Parker and W.E. Waghorne, J. Phys. 
Chem., 78 (1974) 1731. 
A.J. Parker. in N. Tanaka, H. Ohtaki and R. Tamamushi 
(Eds.), Ions and Molecules in Solution. Elsevier, Amster- 
dam. 1983, pp. 3133324. 
A.J. Parker, Pure Appl. Chem., 53 (1981) 1437. 
D.E. Giles and K. Kurnia, Abstracts II th Austral. Symp. 
Anal. Chem.. RACI. Hobart, Australia. July, 1991, p. 
137. 
K. Kurnia, D.E. Giles, P.M. May, P. Singh and G.T. 
Hefter, J. Coord. Chem., 38 (1996) 183. 
K. Kurnia, Ph.D. Thesis, Murdoch University, 1995. 
A.I. Vogel. A Textbook of Quantitative Inorganic Analy- 
sis, 3rd edn., Longmans, London, 1961. 
G.T. Hefter, Anal. Chem., 54 (1982) 2518. 
P. Verhoeven, P.M. May and G.T. Hefter. J. Coord. 
Chem., 22 (1990) 7. 
L.C. Sillen and A.E. Martell, Stability Constants of 
Metal-Ion Complexes, Special Publications Nos. 17 and 
25, Chemical Society, London, 1964. 1971. 
K. Kurnia, D.E. Giles, P.M. May, P. Singh and G.T. 
Hefter, in preparation. 
P.M. May, K. Murray and D.R. Williams, Talanta, 32 
(1985) 483. 
P.M. May and K. Murray, Talanta, 35 (1988) 927. 
P.M. May and K. Murray, Talanta, 35 (1988) 933. 
D.M. Muir, P. Singh, C.C. Kenna. N. Tsuchida and 
M.D. Benari, Aust. J. Chem., 38 (1985) 1079. 
B.W. Clare, P. Singh and G.T. Hefter, Aust. J. Chem., 43 
(1990) 257. 



Talanta 
Talanta 43 (1996) 2053-2059 

Flow-injection analysis for hypoxanthine in meat with dissolved 
oxygen detector and enzyme reactor’ 

Manami Numata”, Naomi Funazaki”, Satoshi Ito”, Yasukazu Asano”**, Yukio Yanob 
“Research Center, DKK Corporation, Kitamachi, Kichijoji, Tokyo 180, Japan 

bCentral Rrsearch Institute. Itohamu Food Inc., Kuhogaoka, Moriya-machi, Kitasoma-gun, Ibaragi 302-01, Japan 

Received 7 November 1995; revised 9 February 1996; accepted 9 February 1996 

Abstract 

A low cost flow-injection analysis (FIA) with a dissolved oxygen (DO) detector and a xanthine oxidase immobilized 
column for the analysis of hypoxanthine as an index to determine degree of aging in meat was developed for quality 
control in the food industry. In this system, hypoxanthine is oxidized by an enzyme reaction with xanthine oxidase 
immobilized on the column to produce xanthine. Then the catalytic reaction between hypoxanthine and DO with 
xanthine oxidase proceeds with the DO concentration decreasing in the stream of the flow system. Decrease in the DO 
concentration was monitored by a DO detector located downstream of the flow system. This decrease in DO 
concentration was proportional to the hypoxanthine concentration. For detecting the decreased DO concentration 
efficiently a flow-through cell with a polarographic-type DO sensor was specially designed. As a result, a linear 
working curve was obtained from 3.68 x lop5 to 1.84 x 10e3 M hypoxanthine concentrations with this FIA system. 
We applied the present system with a DO detector for the determination of hypoxanthine in meat samples and 
compared the results with those obtained by the conventional HPLC method. The data obtained with the present FIA 
method were in fairly good agreement with those obtained by the conventional HPLC method for the meat samples. 
Correlation factor and regression line between the two methods were 0.998 and Y= 1.51X-32.64 respectively. We 
concluded that the present FIA system with a DO detector was suitable as a simple, easy to handle and reliable 
instrument for quality control in the food industry. 

Keywards: Aging of meat; DO detector; Enzyme reactor; Flow-injection; Hypoxathine 

1. Introduction 

Recently, quality control of meat has become 
increasingly important worldwide with the need to 

* Corresponding author. Tel.: (+ 81) 422-53-511: Fax: 
(+ 81) 422-52-2042. 

’ Presented at the Seventh International Conference on 
Flow Injection Analysis (ICFIA’95), held in Seattle, WA, 
USA, August 13-17, 1995. 

protect consumers from food poisoning using the 
directives ISO- and HACCP [l]. When meat 
is not frozen during storage, bacterial distribution 
progresses and decays the meat, making it unsuit- 
able for eating. 

Therefore, there is a need to develop a simple 
meat aging sensing system based on the scientific 
background in knowing the period when the meat 
companies supply it to the customers. 

0039-9140j96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9 140(96)0 1896-6 
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Many indexes for aging in meat have been 
proposed, such as share force value [2], myofibril- 
lar fragmentation index [3], disappearance of Tro- 
ponin T, and 300 Da component [4] MggCa- 
enhanced ATpase activity [5]. However, as these 
methods lack simplicity, rapidity and cost-effec- 
tive performance, they were not suitable for rou- 
tine use in quality control in meat-packing 
factories. Accordingly, quality control of aging in 
meat has been done by an organoleptics test by 
experts until now. 

In previous papers, we found that hypoxan- 
thine. which is a product of ATP as an energy 
source [6,7], is an aging-determining index for 
meat. There have been some reports on determi- 
nation methods for hypoxanthine such as HPLC 
[8], amperometric detection [9, lo], enzyme sensor 
[I 11, flow-injection analysis (FIA) systems with a 
biosensor [6.7] and optical detection [12]. Al- 
though there are advantages in constructing a 
measurement system using sensors and FIA, such 
as small amount of sample, simplicity, reduction 
of measurement time, selectivity, ease of handling 
and so on. there have been no practical studies on 
the application of a FIA system with a dissolved 
oxygen (DO) sensor for the determination of hy- 
poxanthine as an index of aging in meat. There- 
fore, the development of a meat aging sensing 
system using a DO sensor as a detector in FIA 
which can measure hypoxanthine more simply 
and more rapidly is demanded because it is stable, 
selective, simple and easy to use over a long 
period. 

Hypoxanthine is oxidized by the catalytic reac- 
tion of xanthine oxidase immobilized on the 
column, reducing the concentration of oxygen: 

Hypoxanthine + 0, + Xanthine + H,O 

t 

Xanthine oxidase 

Accordingly, simple determination of hypoxan- 
thine becomes possible by detecting the decrease 
in oxygen concentration electrochemically. 

Based on this concept, we developed a simple 
FIA system for hypoxanthine using a DO detec- 
tor and a enzyme reactor with immobilized xan- 

thine oxidase to detect consumption of DO for 
fast quality control of meat aging. The DO sensor 
with an oxygen-selective permeable PTFE mem- 
brane was stable over a long period because it is 
durable to contamination from substances such as 
lipids and proteins in the meat samples. The sen- 
sor is also easy to handle and hypoxanthine oxi- 
dase is specific for hypoxanthine. 

2. Experimental 

2.1. Reagan ts 

All chemicals used were of analytical-reagent 
grade. Xanthine oxidase from butter milk was 
obtained from Sigma. Pure water treated with a 
0.45 pm membrane filter to give an electrical 
conductivity of less than 0.1 ~1s cm -* was used 
throughout the work. A 0.1 M phosphate buffer 
(pH 7.0) was used as a carrier solution. 

2.2. Prepuration qf xanthine oxiduse immobilized 
COlUtHtl 

A xanthine oxidase immobilized column was 
prepared by the following procedure. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

The porous silica beads, aminopropyl CPG 
(CPG Inc.), with a pore size of 500 A and 
200/400 mesh, were packed into a column 
(108 mm x 3 mm i.d.). 
A 0.1 M carbonate solution was circulated 
in the column for 30 min with a peristaltic 

pump. 
A 4% glutaraldehyde solution was circu- 
lated for 30 min in the same manner as 
above. 
After these procedures, the column was 
washed with pure water by the same proce- 
dure for 2 h. 
A solution of xanthine oxidase (5 units) was 
circulated for 2 h to immobilize the enzyme 
onto the porous silica beads. 
After circulating a 0.1 M glycine solution 
for 2 h, the column was filled with a 0.1 M 
phosphate buffer solution. 
The xanthine oxidase immobilized column 
solution thus prepared was stored in a re- 
frigerator at 4°C. 
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L-- Gold plated terminal 

-Dissolved oxygen sensor Epoxy body - 

t 
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t 

-Supporter 
to flow cell 

StaInless steel + 
membrane holder 

t 

\ PTFE membrane 

Gold s&sing electrode 

Fig. I. Outline of DO sensor for FIA system 

2.3. Fubrication of the DO detector 

A DO sensor and a flow cell for FIA are shown 
in Figs. 1 and 2. 

The detector was fabricated by assembling a 
small DO sensor (11 mm i.d. x 42 mm length) 
specially designed for a FIA system and a flow 
cell [26 mm x 40 mm x 30 mm (height x width x 
depth)]. The volume of the flow cell was ~20 ~1. 

-Dissolved oxygen sensor 

- Holder agafnst sensor 

- Acrylic body 

-Sample outlet 

1 i Lund ‘Onnectol 

Flow cell (ca 20~1) 
Sample stream ( 0.5 m m  I.D.) 

Fig. 2. DO detector for FIA system 

(3mm I.DxlO(tmm) 

sample 

0 IM Phosphate buffer (pH 7 0) 

dissolved oxygen detector 

Fig. 3. FIA system with DO detector and xanthine oxidase 
immobilized column for hypoxanthine. 

2.4. FIA system with DO detector 

The one-channel FIA system consisted of a 
peristaltic pump (XV type; Alitea AB, Sweden), 
an injector (Rheodyne 7125; Rheodyne; Cotati, 
CA) a xanthine oxidase immobilized column, a 
DO detector, a current&voltage converter (ILO- 
50; DKK, Japan) and a recorder (250-F; Sekonic, 
Japan) as shown in Fig. 3. The flow rate of the 
pump was 1 ml min- ‘. The 10 cm long PTFE 
tube (0.5 mm i.d.) from the mixing point and 
sample to the detector was determined experimen- 
tally. The phosphate buffer and sample were ini- 
tially saturated with oxygen throughout this 
work. 

By injecting a 20 ~1 sample into the buffer 
stream saturated with oxygen, the decreased oxy- 
gen content based on the enzyme reaction in the 
column was transferred by the buffer stream to 
the detector. Then, the decrease in the DO con- 
centration in the stream was monitored by a 
detector located downstream of the flow system. 
This current intensity from the detector was am- 
plified by the current-voltage converter and its 
signal was fed to the recorder. The concentration 
of hypoxanthine was determined by the change in 
the detector output which is observed as a peak- 
shaped signal (FIA signal) on the recorder. The 
height of the FIA signal is proportional to the 
hypoxanthine concentration. 

3. Results and discussion 

3.1. Optimum conditiom for FIA system 

Optimum conditions for this system were deter- 
mined after varying the pH, flow rate of the 
pump. sample volume and column length. 
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Fig. 4 shows the effect of the pH of the samples 
on the FIA signal. The tests were carried out by 
changing the pH of the samples from 5 to 9 under 
the conditions of 1.47 x lop4 M hypoxanthine 
and 108 mm x 3 mm i.d. column size. As a result, 
the maximum value was obtained at pH 7.0. This 
means that measurement at pH 7.0 was desirable 
to raise the activity of the immobilized hypoxan- 
thine oxidase. Therefore, 0.1 M phosphate buffer 
(pH 7.0) was chosen as a carrier buffer for subse- 
quent experiments. 

Similarly, optimum values of flow rate, sample 
volume and column length were investigated. The 
results are shown in Table 1. It became apparent 
that determining the optimum values of pH, flow 
rate, sample volume and column length was very 
important for the determination of hypoxanthine 
with the present FIA system as decomposition 
and diffusion of hypoxanthine took place on the 
column as revealed by the stability and intensity 
of the FIA signal and the measurement range of 
the system. 

3.2. Calibration CUYW jbr hypoxanthinr 

We prepared several standard solutions of hy- 
poxanthine and investigated the relationship be- 
tween the concentration and the peak height of 
the FIA signal with the analytical conditions 

4 5 6 7 8 9 IO 

PH 

Fig. 4. Effect of pH on FIA signal. 

Table I 
Optimum conditions of FIA system with DO detector 

Parameter Optimum 
value 

Range 
investigated 

PH 
Flow rate 

(ml min.‘) 
Sample volume (~1) 
Column length 

(3 mm: mm id.) 

7.0 5-9 
I 0.5-1.5 

20 5-30 
108 63-126 

shown in Table 1 which were determined experi- 
mentally. A linear calibration curve was obtained 
from 3.68 x lop5 to 1.84 x lo-’ mol ll’ hypox- 
anthine as shown in Fig. 5. This shows that 
enzyme-catalytic conversion to xanthine by reac- 
tion of hypoxanthine and oxygen proceeds 
efficiently on the column. The lower detection 
limit was 1.84 x lo-’ mol 1-l for an S/N ratio of 
the FIA signal of three. The repeatability of the 
FIA signals was 1.6% in terms of the RSD for five 
injections of the same sample with a concentra- 
tion of 1.10 x 1O-3 M. The sampling rate was 
about 20 hh’. This shows that the DO detector is 
suitable as a new simple FIA detector for hypox- 
anthine. The change in the baseline of the FIA 
system was about 1.8% of the peak height for the 

0.6 _ 

0 10 

Hypoxanthine (xl Om4mol I-’ > 

Fig. 5. Calibration curve for hypoxanthine. 
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measurement of 3.68 x 10 5 M hypoxanthine. 
The slope of the calibration curve in the range 
3.68 x lo-‘-l.84 x 10m3 M hypoxanthine was 
3.06 x 10-l ,uA mmol ll’. 

3.3. Stability of’ xtmthinr oxiduse immobilized 
column 

The long term stability of the xanthine oxidase 
immobilized column was investigated. The 
column, stored at 4°C was tested periodically for 
a lop4 M hypoxanthine sample. After 1 month, 
the output signal from the detector had decreased 
by about 20% compared to the initial value. The 
column performance was checked at the same 
hypoxanthine concentration every 2 weeks. The 
signal from the detector was stable within f 10% 
relative error for 5 months. The column perfor- 
mance after 1 year showed that the activity had 
decreased by 50% of the initial value. This means 
that the xanthine oxidase immobilized column 
was durable for 1 year. 150 measurements for 
meat samples were possible for one column. 

3.4. Selectiuit? 

The specificity of the present FIA system for 
hypoxanthine using the DO detector and the im- 
mobilized xanthine oxidase reactor was studied 
for several substances which often coexist in food 
samples. Peak height for a sample containing 
lop4 M hypoxanthine was compared with those 
for lo-’ M concentrations of substances such as 
L-glutamic acid, L-lactate, glucose, pyruvic acid, 
inosine 5’-monophosphate, inosine. guanosine 
and guanine. No current from the detector was 
observed with any of these substances and they 
did not interfere with the determination of hy- 
poxanthine because the enzyme reaction with 
xanthine oxidase was specific to hypoxanthine. 
However, the detector output with 10 4 M xan- 
thine was 54% of that of hypoxanthine. This 
means that xanthine is also oxidized by xanthine 
oxidase. However, the hypoxanthine content was 
higher than that of xanthine in meat samples. 
Therefore, interference of xanthine in the FIA 
system can be ignored in this work. 

Table 2 
Analytical conditions of HPLC method for hypoxanthine 

Instrument: 
Elution: 
Column: 

Shimadzu LC-6A 
0.05 M phosphate buffer 
Shim-pack CLC-ODS 

(6 mm i.d. x 15 cm) 
Flow rate 

(ml min-‘): 
0.7 (15 min)+ 1.2 (15 min) 

Column 
temperature “C: 

40 

Measurement 150 
pressure (atom cm 2): 

Wavelength (nm): 
Sample volume (,u 1): 

254 uv 
20 

3.5. Correlation betM!een the preserlt FIA method 
and the concentional HPLC method 

We applied the present FIA system for the 
determination of hypoxanthine in six meat sam- 
ples. The results were compared with data ob- 
tained by the conventional HPLC method with a 
UV detector. The 1 g meat samples for analysis 
were extracted into 20 ml of 10% perchloric acid 
and diluted with pure water to within the deter- 
mination range of this system after neutralization 
of the meat extracts and elimination of perchlo- 
rate ion as potassium perchlorate. The analytical 
conditions for the HPLC method are shown in 
Table 2. 

The correlation of the analytical results be- 
tween the two methods is fairly good, as shown 
in Fig. 6. From these data, we obtained the 
regression line Y = 1.02X-4.54 and a correlation 
factor of 0.993. This seems to confirm that the 
present FIA system with a DO detector can be 
applied for the determination of hypoxanthine in 
meat samples. 

3.6. Chunges in amounts of hypoxanthine in meat 
samples 

We applied the present FIA system to monitor 
the aging course of meat samples. Specimens of 
sirloin steak stored at 2°C were used for experi- 
ments conducted at regular time intervals. The 
result is shown in Fig. 7. We compared the 
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Fig. 6. Correlation between HPLC method and FIA method 
for determination of hypoxanthine. 

change in the data obtained with the present 
method and the conventional method for the 
same storage period. The data from both 
methods showed the same tendency with the 
passing of time. 

From these data it is clear that hypoxanthine 
is a good index for evaluating the aging time 
and the present FIA system is useful for the 
quality control of meat samples. 

5 IO 

Days of storage 

15 

Fig. 7. Change in amount of hypoxanthine in meat stored at 
10°C. 

4. Conclusion 

We have developed a FIA system with a 
DO detector for the determination of hypox- 
anthine in meat samples. The present FIA 
system has the specifications shown in Table 3. 
We conclude that the present FIA system has 
the advantages of simplicity, low cost, ease 
of maintenance, low consumption of reagents, 
ease of use and no need for a chemical anal- 
ysis expert. The system is suitable as a quality 
control technique for the determination of 
hypoxanthine during the manufacturing pro- 
cess in the food industry. However, it is neces- 
sary to calibrate the system before every mea- 
surement because the activity of xanthine 
oxidase changes gradually over the course of a 
year. Therefore, it would be better to determine 
the more stable xanthine oxidase from the view- 
point of quality control online in the food in- 
dustry. 

The basic concept described in this paper 
would appear to be applicable to evaluate other 
taste-determining substances in food samples. 

Table 3 
Specifications of present FIA system for hypoxanthine 

Detector: DO detector with 20 ~1 cell volume 
Sample (~1): 20 
Carrier solution: 0.1 M phosphate buffer 
pH: 7.0 
Flow rate (ml min’): 1 
Coil length: 10 cm from column to detector 
Measurement 25 

temperature (“C): 
Enzyme: Xanthine oxidase (Sigma) 
Column size (mm): 3 (i.d.) x 108 
Measurement range: 3.68 x 10-5~1.84 x 10m3 

M hypoxanthine 
Analysis rates (hh’): 20 
Repeatability: 1.6% (RSD) for 1.10 x 10-a M 

hypoxanthine 
Correlation factor with 0.993 

HPLC for 6 samples: 
Regression line with I’= 1.02X-4.54 

HPLC for 6 samples: 
Sample: Beef 
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Abstract 

An Ag/AgCl solid-state electrode was prepared by using urea-formaldehyde resin as the frame material and KC1 
powder as the active material. Using the prepared Ag/AgCI solid-state electrode as substrate and chlorpheniramine 
tetraphenylborate ion-pair complex as the active component, a new type of solid-state chlorpheniramine ion-selective 
electrode was constructed. The properties of the electrode were studied in detail. The electrode shows a rather good 
stability and can be used in the potentiometric determination of chlorpheniramine. 

Ke~wvrd.s: Chlorpheniramine solid-state ion-selective electrode 

1. Introduction 

Many all-solid-state drug ion-selective elec- 
trodes have been reported [l-3]. Most of them 
were prepared by using graphite rod or inert 
metals as the substrate of the electrode. The short- 
coming of this kind of electrode is that they 
usually show poor stability. The stability of a 
electrode is the key to obtaining precise results. 
Therefore, methods to raise the stability of a 
electrode are very important. Using urea- 
formaldehyde resin as the frame material and KC1 
powder as the active component, a Ag/AgCl solid- 
state electrode was prepared at first. By using the 
prepared Ag/AgCl solid-state electrode as the sub- 
strate, a new type of all-solid-state chlorpheni- 
ramine ion-selective electrode was constructed. 

* Corresponding author. Fax: (86) 3 I l-6048 177. 

2. Experimental 

2.1. Apparatus md reagents 

The apparatus used for the measurement of 
the electrode potential was a PXJ-1B model 
digital pH/mV meter (Jiangsu Electroanalytical 
Instrument Factory). Chlorpheniramine (C,,H,,- 
CINz. C,H,O,) was supplied by the Pharma- 
ceutical Factory of Hebei Medical University. 
Atropine sulfate ((C,,H,,NO,),.H,SO,.H,O), 
sulfanilamide (H,NC,H,SO,NH,), dicaine hy- 
drochloride (CH,(CH,),NHC,H,COOCH2- 
CH,N(CH,), HCl), streptomycin sulfate 
((C,,H,,N,O,,),~3H,SO,) and vitamin B, 
(C,,H,,ClN,OS HCl) were kindly supplied by 
the manufacturers. Other reagents used were 
analytical grade. 

0039.9140/96/Sl5.00 G 1996 Elsevier Science B.V. ,411 rights reserved 
PII SOO39-9 140(96)0 1923-6 
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2.2. Preparation of the active component 

Chlorpheniramine tetraphenylborate was pre- 
pared by mixing 50 ml of 0.02 M chlorpheni- 
ramine and 50 ml of 0.02 M sodium 
tetraphenylborate solution. The resulting precipi- 
tate was filtered out on a porosity-4-sintered-glass 
crucible and washed several times with water, and 
then dried under vacuum at 313 K. 

2.3. Preparation of the AgiAgCl wire 

A silver wire with a diameter of 0.5 mm was 
twisted into a spiral with a diameter of 3 mm and 
was then washed with acetone to remove the 
pollutants on its surface. Using the silver spiral as 
the cathode and a platinum wire as the anode, a 
thin sheet of pure silver was electroplated on the 
surface of the silver spiral with an electric current 
of 10 mA for 0.5 h in a electrolyte, which was 
prepared by mixing 3 g AgNO,, 60 g KI and 7 ml 
25% ammonia water and diluting to 100 ml with 
water. The electroplated silver spiral was washed 
with KI solution, ammonia water and water suc- 
cessively. Using the electroplated silver spiral as 
the anode and a platinum wire as the cathode, a 
thin sheet of AgCl was coated on the surface of 
the silver spiral by electrolyzing in 1 M HCl with 
a 3 mA electric current for 1 h. An Ag(AgC1 wire 
was prepared after removing the silver spiral 
coated with a sheet of AgCl from the electrolysis 
bath and washing with water. The prepared Ag/ 
AgCl wire was preserved in a KC1 or HCl solu- 
tion and kept away from light. 

2.4. Preparation of the solid-state AgiAgCl 
electrode 

A mass of 60 g (1 mol) urea and 142 g (1.8 mol) 
formaldehyde were mixed in a 500 ml Wolff bot- 
tle, which was equipped with a stirrer and a reflux 
condenser. A 2 M KOH solution was added to 
the Wolff bottle until the pH of the mixture was 
7-8. The mixture was reflux heated for 2 h. Then, 
between the Wolff bottle and the reflux condenser, 
an oil-water separator was fitted. Syrupy urea- 
formaldehyde resin polymer was obtained after 
about 40 ml water was separated by the separator. 

A previously prepared Ag/AgCl wire was put in 
a polythylene molded pipe with a diameter of 1.4 
cm. 

A mass of 2 g KC1 powder, which had been 
previously ground carefully, and 8 g syrupy urea- 
formaldehyde resin polymer was mixed thor- 
oughly. Under the condition of stirring 1 M HCl 
solution was added until the pH of the mixture 
was 4-5, then, the mixture was transfered quickly 
to the polyethylene pipe. The Ag/AgCl solid-state 
electrode was obtained after keeping the mixture 
at room temperature for 24 h and removing from 
the pipe. Finally, the side wall of the prepared 
electrode was sealed with a thermoplastic pipe. 

2.5. Preparation of chlorpheniramine solid-state 
electrode 

The above prepared Ag/AgCl solid-state elec- 
trode was put in 10 - 3 M chlorpheniramine solu- 
tion for 1 h. The water on the surface of the 
electrode was removed with filter paper. 

Chlorpheniramine tetraphenylborate (5 mg) dis- 
solved in 0.4 g dibutylphthalate was mixed with 4 
g of 5% PVC solution in tetrahydrofuran. A 
solid-state chlorpheniramine ion-selective elec- 
trode was prepared by immersing one end of the 
prepared Ag/AgCl solid-state electrode in the 
above solution five or six times and drying at 
room temperature for 48 h. This electrode was 
called electrode A. 

2.6. Preparation of electrode B 

One end of a graphite rod of 99.99% purity, 
with a diameter of 1 cm was mechanically pol- 
ished with emery paper to a mirror finish. Elec- 
trode B was prepared in a similar way to electrode 
A except the polished end of the graphite rod was 
used as the substrate of the chlorpheniramine 
solid-state electrode. 

2.7. Preparation of the electrode C 

Electrode C was prepared the same as electrode 
A except by using the prepared Ag/AgCl wire as 
the substrate of chlorpheniramine solid state elec- 
trode. 
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Comparison of the stability of the three different chlorphenirdmine electrodes 

Electrode Drifts in 8 h” 
(mV hh’) 

Potentialsb (mV) 

Id 2d 3d 5d 10d l5d 20d 

A 0.2 -27.0 -26.8 -26.8 -26.8 - 26.5 -26.4 - 26.1 
B 12.0 70.8 67.4 63.5 60.8 59.2 54.3 53.6 
C 10.0 -75.4 -63.4 -42.0 -7.4 3.9 9.9 16.4 

a Potentials measured continuously in 10-j M chlorpheniramine solutions for 8 h. 
b Potentials measured in lOem M chlorpheniramine solution after preserving for different times and the electrode was kept dry after 
each measurement. 

2.8. Preparation of the solutions 

Total ionic strength adjustment buffer (TISAB): 
0.05 mol NaNO, and 0.05 mol NaOAc (sodium 
acetate (CH,COONa)) was dissolved in 0.05 mol 
AcOH (acetic acid (CH,COOH)) and the mixture 
was diluted to 1000 ml with water. The ionic 
strength and pH of the buffer were 0.1 and 4.6 
respectively. 

Standard chlorpheniramine solution: chlor- 
pheniramine (3.9080 g) was dissolved in 20 ml 
TISAB, and diluted to the mark in a 100 ml 
volumetric flask with TISAB, to give a 0.1 M 
standard solution. Series of standards were pre- 
pared by successive dilution to 10 ~- *- 10 -’ M 
with TISAB. 

2.9. Measurements of electromotive force 

The electromotive force (emf) measurements 
were made at a constant ionic strength, and the 
Junction potential was kept constant. The cell can 
be expressed as Chlorpheniramine electrode 
Isample, I = O.l/O.l M NaNO,ISCE. 

3. Results and discussion 

3.1. The stability of the electrode 

The potential drift of the electrode was studied 
in 0.001 M chlorpheniramine solution when the 
emf of the cell had been measured for 8 h. The 
electrode potentials were measured after preserv- 
ing the electrode for different times. The repro- 

ducibility of the electrode stability was 
investigated by the reported method [4]. At first, 
the electrode potential was measured in a 0.001 M 
solution; when the electrode was transferred to a 
0.01 M solution another potential was measured. 
The potential was measured again after transfer- 
ring the electrode from the 0.01 M to 0.001 M 
solution. By repeating the transferring process five 
times, the greatest potential deviation obtained 
from the measurements was defined as the repro- 
ducibility of the electrode. The results (Tables 1 
and 2) indicate that electrode B showed poor 
stability due to the irreversible state between the 
graphite rod and the PVC membrane [5]. Elec- 
trode C showed poor stability because the Ag/ 
AgCl wire lacks chloride ions. Electrode A 
exhibits excellent stability and reproducibility due 
to the use of Ag/AgCl solid-state electrode as the 
substrate of the chlorpheniramine electrode. The 
substrate of electrode A was composed of urea- 
formaldehyde resin together with some water. 
Urea-formaldehyde resin has a three-dimensional 

Table 2 
Comparison of the reproducibility of the three different chlor- 
pheniramine electrodes (five measuring times) 

Electrode Chlorpheniramine Mean RSD Reproducibility 
concentration value (‘X,) (mV) 

(Ml (mV) 

A 0.01 31.3 0.18 0.2 
0.001 -27.1 0.33 

B 0.01 120.8 0.97 3.1 
0.001 63.6 2.02 

C 0.01 -24.0 2.72 1.5 
0.001 -82.3 0.78 
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Fig. I. Calibration curve of the all-solid-state chlorpheni- 
ramine electrode. 

net structure. It can contain some water and 
provide ionic passage. The substrate was im- 
mersed in chlorpheniramine solution before being 
coated with PVC membrane; therefore, the pores 
of the ureaaformaldehyde resin had some chlor- 
pheniramine cations. Due to the existence of the 
exchangeable chlorpheniramine cation in the in- 
terface between the urea-formaldehyde resin and 
PVC membrane, the whole electrode was in a 
thermodynamic reversible state; as a result the 
stability of the electrode was greatly improved. 
Electrode A was used in subsequent studies. 

3.2. Electrode calibration 

The linear range of the electrode was measured. 
The results (Fig. 1) show that the linear range of 
the electrode is from 1.0 x 10W2 to 5.0 x lo-’ M 
with a slope of 58.2 mV per decade and a detec- 
tion limit of 2.5 x lop5 M. 

3.3. EfSect of pH 

The influence of pH on the response of the 
chlorpheniramine electrode was studied by adjust- 
ing the pH of the chlorpheniramine solution with 
0.1 M HCl or 0.1 M NaOH. The results (Fig. 2) 
show that the pH range, where the potential of 
the electrode remains constant, is 448. 

3.4. Selectivity of the electrode 

The selectivity coefficients for nine substances 
were determined by the mixed-solution method. 
The experimental data were treated by the re- 
ported method [6]. The method can be outlined as 

follows: the response potential of a electrode mea- 
sured in dilute solution with two kinds of coexist- 
ing ions can be expressed by Eq. (1) 

E = E, + S ln(C, + KYCiz~/“~ ) (1) 

where i is the measured ion, j is the interferential 
ion, Z, is the electric charge number of i ions, Z, 
is the electric charge number of j ion, S is the 
Nernst slope and K, is the selectivity coefficient. 
The appearance of Eq. (1) can be arranged to 
form Eq. (2) 
eE:S = eEo/-~(C, + K,C,“/ZJ ) (2) 

which is the equation of a straight line of slope 
(eEc+“) and intercept eEJs.K,Ciz~~z~ when C, was 
fixed. A series of solutions were prepared by fixing 
the concentration of j ions (10 ~ ’ M) and chang- 
ing the concentration of i ions from 10 - 2p 10 ~~’ 
M. The electrode potentials of the series of solu- 
tions were measured and eE/S was plotted against 
C,. From the slope and the intercept of the 
straight line KY can be obtained. All the calcula- 
tions were completed by a computer. The results 
(Table 3) show that the electrode has a very good 
selectivity for chlorpheniramine except with di- 
Caine hydrochloride. 

3.5. Internal resistance, response time and 
l$e-span of the electrode 

The internal resistance of the electrode was 
measured and the result was 2 x 10’ 0. The re- 
sponse time of the electrode in 10 ’ - 10 - 4 M 
concentration is less than 30 s and in 10~4~10~ 6 
M it is less than 2 min. The life-span of the 
electrode is 6 months. 

Fig. 2. Effect of pH on the potential of the chlorpheniramine 
ion-selective electrode. Chlorpheniramine solution: curve I, 
lop2 M; 2. IO-’ M; curve 3, 10W4 M. 
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Table 3 Table 4 
Selectivity coefficients (mixed-solution procedure) Recovery of chlorpheniramine (standard addition method) 

lnterferent KV 

K+ 7.09 x 10-1 
Nat 1.14x 10-Z 
Cl?+ 2.24 x lo-” 
Al”+ 9.50 x IO-” 
Vitamin B, 1.02 x 1o-2 
Sulfanilamide 2.01 x lo- J 
Atropine sulfate 6.79x lo-’ 
Dicaine hydrochloride 9.60 x 10-l 
Streptomycin sulfate 5.59 x 10F4 

Chlorpheniramine Chlorpheniramine Recovery 
taken (mg) found (mg) (‘%I) 

3.91 3.89 99.5 
7.82 7.69 98.3 

19.5 19.5 100.0 
39.1 39.2 100.3 
58.6 58.5 99.8 
78.2 78.4 100.3 

117 117 100.0 

3.6. Aduuntages of the solid-state 
chlorpheniramine electrode 

Ishibashi et al. [7] have reported a chlorpheni- 
ramine electrode based on a liquid or a PVC 
membrane containing the chlorpheniramine-te- 
traphenylborate ion pair. This needed the poi- 
sonous solvent nitrobenzene or an internal 
reference solution and an internal reference elec- 
trode. The internal reference solution must be 
changed periodically in order to ensure the pre- 
cision of the measurement. The solid-state chlor- 
pheniramine electrode in this paper can be 
prepared, used and preserved conveniently due 
to the fact that it does not need internal refer- 
ence solution. The stability of the solid-state 
chlorpheniramine electrode is much better than 
the reported [7] liquid or PVC membrane chlor- 
pheniramine electrode. 

The electrode was applied to the actual deter- 
mination of chlorpheniramine in chlorpheni- 
ramine tablets (labeled amount 4 mg per tablet) 
with the standard addition method. The results 
indicate that the average content of chlorpheni- 
ramine, when measured ten times, is 3.86 mg 
per tablet and the coefficient of variation is 
1.2%. This agrees well with the Pharmaco- 
poeia of the PR China. The electrode can, 
therefore, be applied to the rapid determination 
of chlorpheniramine. 
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Abstract 

A stopped-flow kinetic potentiometric method for the determination of aluminum is described, based on 
monitoring the reaction between aluminum and fluoride at pH 3.0 using fluoride ion-selective electrode. The initial 
rate of the reaction is proportional to the concentration of aluminum present in the solution. The method is simple 
and rapid and has been applied to the determination of aluminum in Chinese tea leaves after microwave digestion. 

Keywords: Aluminum determination; Fluoride ion-selective electrode; Kinetic potentiometric method; Microwave 
digestion; Tea leaf analysis 

1. Introduction 

Aluminum is the third most abundant element 
in the Earth’s crust. It is commonly found in 
living organisms consumed as food by human 
beings. Aluminum and the role it plays in the 
human body have been topics of interest over the 
past decade. Experimental evidence shows that 
aluminum is potentially toxic, expecially on accu- 
mulation in the human body, where it can damage 
various tissues and cells in the central nervous 
system [ 1,2]. Abnornal accumulation of aluminum 
in certain tissues of the human body was associ- 
ated with abnormal skeletal metabolism [3] and 
various diseases, such as Alzheimer’s disease [4], 
Osteomalacia[S] and Parkinsonism dementia [6]. 

There has been much interest in the possible 
biological function of aluminum in recent years. 
Hence, the development of a simple and reliable 
method for the determination of aluminum is 
urgently required for future surveys and for use in 
routine monitoring. 

Many methods have been used for the determi- 
nation of aluminum in food. The most widely 
used methods are electrothermal atomization 
atomic absorption spectrometry [7,8], inductively- 
coupled plasma optical emission spectrometry [9], 
and spectrophotometry [ 10, I 11. 

The fluoride ion-selective electrode (BE) can be 
used for the indirect determination of aluminum 
[12- 151. The method most commonly used is 
potentiometric titration of aluminum with 
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fluoride. Radic and Bralic 1161 studied the kinetics 
of the AlF” - i)+ formation reaction in acidic solu- 
tion using a fluoride ISE, and found that the 
initial formation, rate of the aluminum-fluoride 
complex was proportional to the amount of alu- 
minum. 

In the present work, a stopped-flow kinetic 
method for the determination of aluminum has 
been developed using a fluoride ISE. The pro- 
posed method is simple and useful. It has been 
applied to the determination of aluminum in Chi- 
nese tea leaves and of aluminum extracted from 
tea leaves by immersion in boiling water. 

2. Experimental 

2.1. Apparatus 

Fig. 1 shows the flow system used in this exper- 
iment. Two two-channel peristaltic pumps (Jiang- 
su Electroanalytical Instrument Plant) controlled 
by a T1200XE computer (Toshiba) were used. 
The detector cell used is shown in Fig. 2. A 201 
fluoride ISE (Jiangsu Electroanalytical Instrument 
Plant) was used as the sensor. The electrode po- 
tential was measured with an Orion SA720 pH/ 
mV meter which is connected to the computer. 

2.2. Reagents 

All chemicals used were of analytical-reagent 
grade and the solutions were prepared with dis- 
tilledddeionised water. 

Fluoride solution. 0.1 M sodium fluoride solu- 

P 

- 
mL mln’ 

Fig. I Flow system for determination of aluminum: P, pump: 
mV, pH:mV meter detector; W, waste. 
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Fig. 2. Schematic diagram of the detector cell: S and B. 
sample and buffer: W, waste; 1, 1.0 min i.d. conduit: 2, PTFE 
sleeve; 3, rubber O-ring. 

tion was prepared with sodium fluoride (Beijing 
Chemical Plant). Solutions of other concentra- 
tions were prepared by diluting with deionised 
water. 

Aluminum standard solution (0.0100 M). This 
was prepared by dissolving the appropriate 
amount of aluminum wire (99.99%); (Shanghai 
Chemical Reagent Plant) in 10 ml of 6 M hy- 
drochloric acid. The solution was transferred to a 
250 ml calibrated flask and diluted to the mark 
with deionised water. A series of aluminum work- 
ing solutions were prepared by diluting the stan- 
dard solution with buffer solution. 

Buffer solution. A solution containing 0.1 M 
sodium dihydrogen orthophosphate (Shanghai 
Chemical Reagent Plant), 2.3 mM 1, lo-phenan- 
throline and 0.45 M hydroxylammonium was 
used as a buffer solution. The pH was adjusted 
with 5M sulfuric acid and 1 M sodium hydroxide. 
I, lo-Phenanthroline and hydroxylammonium 
were used to overcome the interference of Fe3+. 

Nitric acid. Concentrated nitric acid (Jinan 
Chemical Reagent Plant), was used. Perchloric 
acid. 70% perchloric acid (Shanghai Taopu Chem- 
ical Plant) was used. 



I I I I 
0 20 40 60 

Time (seconds) 

Fig. 3. Typical record curve: F 50 /lM: pH. 3.0; Al’ ‘: (I), 
20 /tM: (2). 50 /tM; (3). 100 /tM. 

2.3. Mcusurenwnt proctdur 

2.3.1. Gtwcrul Procedurr 
The flow system was connected with PTFE 

tubing (1 .O mm i.d.) according to Fig. I. Pumps 
were started and the flow rate of every channel 
was adjusted to 2.0 ml min ‘. The electrode 
potential was recorded using the pH/mV meter. 
When the electrode potential reached equilibrium 
and a flat E-t line was observed, the pumps were 
stopped and the potential changes were recorded 
over a period of 1 min. The initial slope of the 
curve, AE/At, is used as a measure of aluminum. 

The standard solutions of aluminum were also 
analyzed by the same procedure. A calibration 
graph was constructed of logarithmic concentra- 
tion of aluminum versus initial slope (AE/At). 

2.3.2. Digestion of’ ttu .sm~pk 
A Xianhua E-32 microwave oven (total mi- 

crowave power 650 W) was used for the digestion 
of tea leaves. The digestion procedure was as 
follows. 0.2 g of tea leaves was heated (65 W. 
10%) with 5 ml of nitric acid for 10 min. Then 2 
ml of water was added. After 5 min of heating, 1 
ml of 70% perchloric acid was added and the 
solution heated for another 5 min. Then 5 ml of 
water was added and heating was resumed for 15 

min. The solution was diluted to 50 ml with water 
after cooling. 

23.3. Detertninution conditions of the 
graphite-jiwnace atomic absorption spectometry 
(GFAAS) 

A Hitachi 180-80 polarized Zeeman atomic ab- 
sorption spectrophotometer (Hitachi Ltd., Tokyo, 
Japan) was used for GFAAS determination of 
aluminum. The instrumental conditions are as 
follows: 

Light source: Al hollow cathode lamp 

Wavelength: 309.3 nm 

Slit: 1.3 nm 

Lamp current: 10 mA 

Cuvette: Tube type 

Sample volume: 10 /,ll 

Carrier gas flow: 200 ml min’ 

Graphite furnace program: 

Step 

Drying 
Ashing 
Atomization 
Cleaning 

Temperature (“C) Time(s) 

120 30 
1000 20 
2900 10 
3000 5 

-..____ 

3. Results and discussion 

In aqueous solution aluminum ions are present 
as Al[(Al(H,O),]“+, which can be hydrolyzed to 
form Al[(A1(H,0)s0H]2+, Al[(Al(H,O),(OH),]+ 
and Al[(Al(H,O),(OH),]. Then reaction equations 
are as follows [17]: 

[Al(H,O),]‘+ + Hz0 

= [Al(H,O),(OH)]‘+ + H,O+ 

[Al(H20),(OH)]‘+ + H,O 

e [Al(HzO),(OH),]+ + H,O+ 
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PH 

Fig. 4. Influence of pH on determination of Al’+: Al’+. 50 
/tM; F-, 50 FM. 

e [AKH~0M0H),I + HO 
Only in acidic medium can aluminum species be 
present mainly in the form of Al’+ (co-ordinated 
water has been omitted for simplicity). Al”+ can 
react with FP to form the AIF*+ complex. This 
reaction can be monitored using a fluoride ISE. 

Fig. 3 shows the typical potentialltime curve of 
the fluoride ISE when fluoride was used for mea- 
suring (1) 20 ,uM, (2) 50 ,uM and (3) 100 ,BM 
Al’+. The initial slope of the curve, AElAt, is 
proportional to the concentration of aluminum 
present in the solution. 

3. I. The influence of pH 

3 
> 
E 
B 
w 
d 

The influence of pH on the determination of 
aluminum was investigated. Fig. 4 shows the 
change in the initial slope of the potential curve of 
the fluoride ISE with the pH of the solution in the 
range l.OC5.0. The highest sensitivity is obtained 
at pH 3.0. An obvious decrease in the initial rate 
was found when the pH was altered from 3 to 5 
and from 3 to 1. This may be due to the following 
reactions: 

Al’+ + iOH ~ z+ AI( -- ‘I’ 

In highly acidic medium, FP reacts with H’ to 
form HF, leading to a decrease in the rate of 
complexation of Al3 + with F ~. In the solution of 
pH higher than 3.0, the hydrolysis reaction of 
Al’+ to AI(O ~ ‘Ii reduces the free A13+ con- 
centration and the complexation rate is decreased. 

“0 1 --- 1 1 2 I I-~- 3 4 5 

PH 

Fig. 5. Influence of pH on determination of Fe’+: Fe’+. 100 
FM; F-, 100 /IM. 
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Fig. 6. Calibration graph: (l), 15 ,uM F-; (2), 50 PM F 
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Determination of aluminum in Chinese tea leaves 

Sample Proposed method GFAAS method Relative error 

(i’g g-‘) (Pg FL-‘) (?<I) 

I. Jasmine tea 
(Zhenghe, Fujian)” 

2. Xian Yin oolong tea 
(Fuzhou. Fujian) 

526.4 544.2 - 3.3 

474.6 466.3 1.8 

3. Ti Kun Yin 
(Anxi, Fujian)” 

618.6 609.7 1.5 

4. Early-spring band 
jasmine tea 
(You County. Hunan)” 

708.2 717.8 -1.3 

’ The names in parentheses are the areas producing the tea leaves 

3.2. Intecferences 

Because the reaction of Fe’ + with F is similar 
to that of A13+, Fe- ‘+ interferes with the determi- 
nation of aluminum when using the fluoride elec- 
trode as the sensor. The initial slope, AEjAt, of 
the reaction of Fe’+ with fluoride in different pH 
buffer solutions is shown in Fig. 5. Although the 
highest value of AEiAt is observed at pH 1.5, the 
value of the initial slope pH 3.0 is significant and 
has an intense effect on the determination of 
aluminum. Attempts to overcome the Fe’+ inter- 
ference by a kinetic method (difference between 
the reactions of Fe’+ and Al’- with F -) are not 
feasible and an iron masking reagent must be used 
to remove the Fe’+ interference. A mixture of 1, 
IO-phenanthroline and hydroxlammonium was of- 
ten used to mask Fe’+ in Al determination by 
spectrophotometry. We have found that this kind 
of solution is suitable for masking Fe3+ in the 
proposed method. In this study, the masking 
reagent used is a mixture of 2.5 mM 1, lo- 
phenanthroline and 0.45 M hydroxylammonium 
in the buffer solution. Using this masking reagent, 
no interference was found with 2.0 mM Fe3+ for 
the determination of 20 HIM aluminum. 

3.3. Eflect of concentration of‘ FP 

The effect of the concentration of F- was also 

investigated. The results indicate that only when 
the concentration of F- is higher than 10 times 
the actual detection limit of the electrode can a 
linear calibration graph be obtained. The results 
also indicate that the concentration of F- has a 
great effect on the linear range and the signal. The 
linear range of the calibration graph is about 
0.3-4 times the concentration of F . When the 
concentration of F is low, a calibration graph 
with a gentle slope is obtained. When the concen- 
tration of F- is high, a calibration graph with a 
steep slope is obtained. 

3.4. Calibration graph 

The standard aluminum solutions were ana- 
lyzed by the proposed method. The calibration 
graphs were constructed by plotting the initial 
AEAt versus loge,,. Fig. 6 shows the calibration 
graphs of Al’+ with fluoride concentrations of 15 
,uM and 50 ,uM. When the 15 PM fluoride solu- 
tion was used, the linear range of the calibration 
graph for aluminum was 5-50 p M. The linear 
regression equation is 

AE/At = 0.816 log C + 4.405 (n = 6, r = 0.9991) 
(C mol L-‘) 

A linear calibration graph for 20-200 PM alu- 
minum was obtained when 50 ,uM fluoride solu- 
tion was . The linear regression equation is 
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Table 2 
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Percentage of aluminum extracted from tea leaves by immersion in boiling water 

Sample“ 

1 
2 
3 
4 

Content after Content after 
1st extraction 2nd extraction 

(PS ii- ‘1 !I’& .K’) 

332.7 261.5 
383.0 349.3 
486.2 424.9 
478.7 258.3 

a The samples are the same as those in Table I. 

AE/At = 2.352 log C + 11.908 (n = 6, r = 0.9997) 
(C mol LP’) 

The precision of the proposed method was investi- 
gated by using 15 ,uM fluoride solution. The 8 
,DM aluminum standard solution was determined 
seven times and relative standard deviation was 
3.8% 

3.5. Applications 

The proposed method has been applied to the 
determination of aluminum in Chinese tea leaves 
after microwave digestion. The samples were 
analyzed by the proposed method and by 
the GFAAS method. The results are shown in 
Table. 1 

The percentage of aluminum extracted from tea 
leaves by boiling water was also investigated. Tea 
leaves were immersed in boiling water and the 
percentage of aluminum extracted was determined 
as follows 2.0 g of tea leaves was immersed in 100 
ml of boiling water for 5 min. the solution was 
poured off and aluminum was determined in the 
residue by the proposed method. After a second 
immersion in boiling water the aluminum in the 
residue was determined again. The results are 
listed in Table 2. It can be seen that a certain 
amount of aluminum can be ingested by drinking 
tea made from Chinese tea leaves. According to 
the results given by Greger et al. [18], aluminum 
cannot be accumulated in the human body, if the 
total amount of aluminum absorbed is less than 
125 mgjper day. Therefore, although the amount 
of aluminum in tea water exceeds the limit for the 

Degree of Degree of 
I st extraction 2nd extraction 
(‘%I) (‘Xl) 

36.8 24.4 
19.6 8.8 
21.4 12.6 
32.4 21.4 

maximum allowable concentration of aluminum 
in drinking water, no accumulation of aluminum 
occurs for people drinking tea. 

References 

PI 

PI 

[31 
[41 

[51 

[61 

[71 

PI 

[91 

[lOI 
[III 
[I21 

[I31 
[I41 

[I51 
1161 
[I71 

1181 

H. D. Belitz and W. Crosh, Food Chemistry. Springer- 
Verlag. New York, 1987. 
E. Berman, Toxic Metals and Their Analysis, Heyden & 
Son Ltd., London. 1980. 
A. Lione, Food Chem. Toxical.. 21, (1983) 103. 
L. Finberg, H.S. Dweck, F. Holmes, N. Kretchmer, A.M. 
Maurer, J.W. Raynolds. R.M. Suskind and S. Hellerstein. 
Pediatrics, 78, (1986) I 150. 
B.F. Boyce, H.Y. Elder, H.L. Ellio, I. Fogelman. G.S. 
Fell, B.J. Juners. G. Beastall and I. T. Boyle, Lancet. 2 
(1982) 1009. 
D.P. Perl, D.C. Gajdusek,R.M. Garruto, R.T. Yanagi- 
hara and C.J. Gibbs, Science. 217 (1982) 1053. 
Y. Wang, C. Lu.: 2. Xiao, S.S. Kuan and E.J. Rigsby. J. 
Agric. Food Chem.. 39 (1991) 724. 
D.M. Sullivan. D.F. Kehoe and R.L. Smith, J. Assoc. 
Off. Anal. Chem., 70 (1987) 118. 
K.R. Koch, M.A.B. Pougnet and S. De Villiers, Analyst, 
114 (1989) 911. 
M. Froede and J. Rollin, Nahrung. 26 (1982) 409. 
D. Liu, Fenxi Huaxue, 9 (1991) 705. 
B. Jeselskis and M.K. Bandemer. Anal. Chem., 41 (1969) 
855. 
E.W. Baumann, Anal. Chem., 42 (1970) I IO. 
Nj Radic, D. Prugo and M. Bralic, J. Electroanal. Chem.. 
248 (1988) 87. 
Nj. Radic, Analyst. IO1 (1976) 657. 
Nj. Radic and M. Bralic. Analyst. 115 (1990) 737. 
Teaching and Research Section of Inorganic Chemistry of 
Beijing Normal University. Huazhong Teachers College 
and Nanjing Teachers College, Inorganic Chemistry, Vol. 
I People’s Education Press, Beijing, 1981, p. 202. 
J.L. Greger and M.J. Baier Food Chem. Toxicol, 21 
(1983) 473. 



Talanta 
ELSEVIER Talanta 43 (1996) 20735208 I 

Solubility, dissociation and complexation with Nd(II1) and 
Th(IV) of oxine, thenoyltrifluoroacetone and 

1, lo-phenanthroline in 5.0 m NaCl 

Yuan-Xian Xia, Jian-Feng Chen, Gregory R. Choppin” 
Depariinenr of’ Chrrnistry. The Florida State Unicersit~, Talahasser, FL 32306-3006, USA 

Received 14 February 1996; revised 14 May 1996; accepted 14 May 1996 

Abstract 

Equilibria in the system of Nd(II1) and Th(lV) with &hydroxyquinoline (oxine). thenoyltrifluoroacetone (HTTA) 
and l,lO-phenanthroline (phen) in 5.0 m NaCl solution have been investigated by spectroscopy and potentiometry. 
The solubility and deprotonation constants of the three organics were measured to be: pK, = 3.09 + 0.01, pK,, = 
5.82 f 0.02, pK,, = 10.00 + 0.01 for oxine; pK, = 2.49 + 0.01. pK,, = 6.47 f 0.03 for HTTA; pK, = 2.86 k 0.02, 
pK,, = 5.82 _+ 0.05 for phen. The stabilities of the corresponding metal complexes are in the order M(oxine) > 
M(TTA) > M(phen), where M = Nd(III), Th(IV). For all three organic ligdnds, the Th(IV) complexation is stronger 
than that of Nd(II1). 

Keywords: Complexation: Dissociation: HTTA; Neodymium(III); Oxine; l,lO-Phenanthroline: Solubility: Thorium(IV) 

1. Introduction 

Research into the methods of permanent dis- 
posal of the nuclear fission and activation prod- 
ucts from nuclear reactor operation is being 
conducted in a number of countries. Under- 
ground salt beds are among the geological systems 
being investigated as sites for disposal of nuclear 
wastes. In order to be able to assess the effects of 
release of the long-lived actinide elements into the 
environment from such repositories, it is neces- 
sary to understand their chemistry under condi- 
tions encountered in brine solutions. In 

* Corresponding author. Fax: ( + I) 904 644 8281 

non-vitrified wastes the organic compounds 
present from the processing systems are not de- 
stroyed and may be a significant factor in in- 
creased solubilities and migration of the actinide 
cations. %Hydroxyquinoline (oxine or HOxn), 
thenoyltrifluoroacetone (HTTA) and l,lO- 
phenanthroline (phen) have been identified as 
three of the organics likely to be present in the 
nuclear wastes planned for disposal in the Waste 
Isolation Pilot Plant (WIPP) under study near 
Carlsbad, NM [I]. Although these organic com- 
pounds are sparingly soluble in aqueous systems, 
their complexation reactions with metal ions can 
compete with other chemical processes in the 
aqueous phase or at the aqueous-solid interface. 

0039-9140~96/$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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The published investigations of the heterogeneous 
equilibria of these organics in water or in aqueous 
electrolyte media have been limited to ionic 
strengths I 2.0 m [2-41 and no data have been 
reported for more concentrated electrolyte solu- 
tions. The structures of these compounds are pre- 
sented in Form 1. 

The purpose of this study was to investigate the 
solubilities. proton dissociation and complexation 
interactions of Am(II1) and Th(IV) with oxine, 
HTTA and phen in 5.0 m NaCl solution. Since 
the use of the solvent extraction technique for 
determining metal ion-ligand complexation is 
limited by the significant solubility of the three 
acids in organic solvents, a spectroscopic method, 
based on the spectra1 properties of the three lig- 
ands in the UV region, was used. As the spectro- 
scopic technique required macro concentrations, 
Nd(II1) was used as a chemical analog of Am(II1) 
to avoid use of a macro amount of radioactive 
Am(II1). 

2. Experimental 

2.1. Reclgen ts 

HTTA (Aldrich, A.C.S.) was purified by subli- 
mation at 45°C. Oxine (Aldrich, A.C.S.) and phen 
(Aldrich, A.C.S.) were used without purification. 
All the other chemicals used were of A.C.S. grade 
unless specified. Stock solutions of the three com- 
pounds (1 .O x 10 e-4 M) were prepared by dissolv- 
ing the required amount of solid in 5.0 m NaCl 
solution. The concentrations of the compounds 
were standardized by spectroscopy. A stock buffer 
solution consisting of 1 .O M acetate and 1.0 M 
hydroxylamine was prepared by dissolving the 
required amounts of soldium acetate and hydr- 
oxylamine with deionized water and adjusting to 
pH, 4.1 (pH, denotes pH meter reading). 

A standard thorium stock solution of 0.10 M in 
5.0 m NaCl at pH, 1.0 was prepared by dissolv- 
ing a weighed amount of anhydrous thorium 
chloride (99.9% Stem Chemical) in 5.0 m NaCl, 
and adjusting to the desired pH, with NaOH 
solution. A standard neodymium stock solution 
of 0.32 M in 5.0 m NaCl at pH, 4.81 was 

8 - hydroxyquinoline 1.10 - phenanthroline 

thenoyltifluoroacetone 

Form I 

prepared by dissolution of the proper amount of 
Nd,O, (99.9% Aldrich) in 3-6 M HCl, followed 
by evaporation to dryness and dissolution of the 
solid in 5.0 m NaCl solution with adjustment to 
the desired pH,. The concentrations of Nd and 
Th were standardized by titration with EDTA. 

2.2. pc H measurement 

A Corning Semimicro-Combination glass elec- 
trode/Accumet 950 pH/ion meter assembly was 
used in which the KC1 solution of the electrode 
was replaced with a saturated NaCl solution. The 
electrode was calibrated using two standard pH 
buffer solutions: 0.05 M potassium biphthalate 
buffer pH 4.00 at 25°C (Fisher) and 0.05 M 
potassium phosphate monobasiccsodium hydrox- 
ide buffer pH 7.00 at 25°C (Fisher). The meter 
reading, pH,, was converted to pcH ( = - log 
[H+]) using the following calibration equation 
[Ml: 

pcH=spH,+h (1) 

where .s = 1 and b is the electrode parameter 
whose value for 5.0 m NaCl solution has been 
determined to be 1.06 + 0.01 [6]. 
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2.3. Spettrophotonwtric. nwusuren7~nt.s 

The absorption spectra were recorded on a 
Cary-14 UVVIS spectrophotometer (upgraded 
by On-Line Instrument System) interfaced to a 
Zenith 248 computer in the wavelength range 
200-400 nm. The spectra were measured against 
5.0 m NaCl solution as the blank unless specified. 
The molar absorptivities calculated from calibra- 
tions with solutions of known concentration are 
4.22 x lo4 cm* mole-’ (253 nm) for oxine, 5.12 x 
10’ cm2 mole ~ ’ (263 nm) for HTTA and 2.76 x 
lo4 cm’ mole ’ (267 nm) for phen. 

2.4. Soluhilit~ 

For each organic compound. 12 portions (0.10 
g each) of solid samples were placed in separate 
25 ml glass vials and dissolved in 20.0 ml of 5.0 m 
NaCl stock solution. After shaking for 24 h, the 
solutions in the 36 vials were adjusted to the 
required pcH values by adding sodium hydroxide 
or hydrochloric acid. The vials were shaken vigor- 
ously for 7 days at 25.0 f O.l”C. The establish- 
ment of the dissolution equilibrium in each vial 
was confirmed when the same solubility was ob- 
tained for 7 days as after 1 month. The concentra- 
tions of the three organic compounds were 
measured by spectrophotometry. 

2.5. Potrntiometric titrations 

The potentiometric titrations were conducted 
using a 50 ml water-jacketed vessel controlled to 
25.0 I O.l”C with an Isotemp constant tempera- 
ture circulator. For each experiment, 10.0 ml of 
test solution was titrated with a standardized so- 
lution of 0.030 M NaOH in 5.0 m NaCl. The 
titrant was delivered to the cell via Teflon tubing 
by a Schott Gerate automatic buret. Nitrogen gas 
was bubbled through the solution to remove dis- 
solved carbon dioxide. A differential graphical 
technique described elsewhere [6] was used to 
analyze the titration data. The method is based on 
the use of a differential quantity, r (equivalent to 
the buffer capacity), and a second quantity, Q, 
which are defined and related to each other as 
follows: 

,=[(m-ri)C,,,,,+C,,+C,,lT/,. dV 
2.303( V-t I’,)’ WL 

(2) 

0, 
Q=r-[HI]-[OH -I= c Kai’H+’ 

I= I (Ka, + w+v 
.CHmL 

(3) 

where V, is the initial volume of test solution and 
V the volume of the titrant added, CHmL, C, and 
Co, are respectively the initial concentrations of 
the ligand and the proton in the test solution and 
the concentration of the hydroxide ion in the 
titrant and iz is the protonation number defined as 

t?=‘=’ 
C (4) 

HITII. 

Q is a quasi-parabolic function of pcH in which 
each peak in a Q vs. pcH plot corresponds to a 
dissociation sequence and the maximum value of 
the peak of Q,,, ( = 0.25 C,,,) occurs at pcH = 

PK,,. 

2.6. C0tnple.w t ion 

The complexation of each metallligand system 
was investigated by measuring the spectra of the 
ligand in the presence of varying amounts of the 
metal ion at constant pH,. Six series of spectra 
were recorded for each combination of the two 
metal ions and three ligands. For Nd(III), pcH 
values for all three ligands were maintained at 
5.87 by using a mixture of 0.010 M acetic and 
0.010 M hydroxylamine as pcH buffer (the neces- 
sary corrections were made for the complexation 
competition by the two ligands). For Th(IV), a 
lower pcH range was chosen to avoid hydrolysis 
and difference spectra (against ligand solutions as 
blank) were recorded to detect the small amounts 
of the complexes formed. 

Secondary stock solutions of the ligands of 
desired concentrations (depending on the molar 
absorptivities) were prepared by diluting the 
original ligand stock solutions with 5.0 m 
NaCl solution and adjusting to the required 
pcH. Ligand + metal stock solutions were 
prepared by mixing aliquots of the ligand stock 
solutions and the metal stock solutions, 
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Fig. 1. The sroichiometric solubilities of the three organic 
compounds as a function of pcH in 5.0 m NaCl solution: (m) 
oxine; (A) phen; (0) HTTA. 

diluting with 5.0 m NaCl solution and adjusting 
to the desired pcH. Final samples were prepared 
by mixing a variable volume of the secondary 
ligand stock solutions with a volume of the lig- 
anddmetal stock solution. 

3. Results and discussion 

3. I. SolubilitJl 

The stoichiometric solubilities of oxine, HTTA 
and phen in 5.0 m NaCl solution in the pcH range 
5.0- 11.0 are shown in Fig. 1. The solubility of 
oxine increases above pcH z 8.5 and below 
pcH z 7 with a minimum in the middle of the 
pcH region. This solubility pattern is consistent 
with that observed by Janjic et al. [2], who ratio- 
nalized it quantitatively by a heterogeneous disso- 
lution equilibrium with two stepwise proton 
dissociations. The stoichiometric solubility of 
phen decreases with pcH to z 7.5, above this 
value it is constant. The opposite pattern was 
observed for HTTA, indicating that different pro- 
tonation or deprotonation mechanisms may be 
involved for these two organics. The following 
equilibria were used to model quantitatively the 
solubility behavior: 

H,,L(s) -& H,,L(aq) 

(n = 1 for oxine and HTTA, n = 0 for phen) (5) 

H,Oxn - z?& HOxn+H+ &$ Oxn- +2H- 

(6) 

K 
Hphen - 2 phen+H- (7) 

K‘S I 
HTTA p- - TTA- +H+ (8) 

The stoichiometric solubilities, C,, can be ex- 
pressed as 

(a) oxine: 

(b) HTTA: 

(c) phen: 

(9) 

(10) 

(11) 

The corresponding equilibrium constants were 
calculated by least-squares analysis of the stoi- 
chiometric solubility data using Eqs. (9)-(11) with 
the results listed in Table 1. The solubility con- 
stants of oxine and phen are much lower than the 
reported values at low ionic strength, reflecting 
the ‘salting out’ effect of the ionic medium. Oxine 
has the lowest solubility among the three com- 
pounds, which may be due to the formation of an 
inner hydrogen bond N...H-O in the molecule. 

3.2. Acid constunts 

The absorption spectra of oxine exhibit a shift 
of the peak at 253 nm to 236 nm as the pcH 
decreases from 12 to 8 (see Fig. 2a), while the 
shift is in the reverse direction from pcH 8 to 4. 
This is consistent with the dissociation mechanism 
deduced from the solubility study. The ab- 
sorbances of oxine at 236 nm and 253 nm are 
plotted vs. pcH in Fig. 2b, indicating the existence 
of three species of the ligand. Accordingly, the 
expression to correlate the absorbance variation 
with the proton concentration can be written as 

[71 

1 1 
-zz 
4 - 4(L) %HL) - &CL, 

(12) 
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Equilibrium constants of oxine. HTTA and phen in 5.0 m NaCl solution at 25°C 

Ligand Method pK, 

Present work 

PK<, , P&Z PK, PK , 

Literature values 

PK,, 

Oxine Sol. 
Pot. 
Spec. 

TTA Sol. 
Pot. 
Spec. 

Phen Sol. 
Pot. 
Spec. 

3.09 & 0.01 2.42[2]" 5.30[2]" 9.63[21a 

5.82 Ifr 0.02 10.00 f 0.01 5.22[2]" 9.60[2]" 

5.87 + 0.03 10.05 f 0.03 

2.49 * 0.01 
6.47 * 0.03 6.53[31b 

6.37 * 0.04 

2.86 * 0.02 I .89[9]c 4.96[9]c 

5.82 I 0.05 4.77[41d 

5.81 * 0.07 4.88[9]c 

r’ ,a = I .O M NaCI. 
’ ,u = I .O (unknown medium). 
‘/I==O. 
d p = 0.1 M (KU). 

or 

1 I = (13) 
ci- ~~(I-I~I.) &,(HL) - &(H,L) 

where c, is the observed absorptivity. ~,,~t.)~ 

t;(HL, and E,(L) are the absorptivities of the species 
HzOxn + , HOxn and Oxn- respectively. From 
the linear plots of I/(c, ~ E,,~)) vs. l/[H+] and 
l/cc, - h(H,L) ) vs. [H ‘1, the corresponding equi- 
librium constants were calculated to be pK,, = 
5.78 + 0.03 and PK,,~ = 10.11 +_ 0.03 respectively 
from the absorbance data at pcH > 8 (using Eq. 
(12)) and at pcH < 8 (using Eq. (13)). Potentio- 
metric titrations yielded values of pK,, = 5.82 f 
0.02 and pK,, = 10.00 f 0.01, in gcod agreement 
with the result of the spectroscopic analysis. 

The protonation of phen is evident from its 
absorption spectra at different pcH values. As 
shown in Fig. 3, five isobestic points were ob- 
served at 224, 239, 268, 284 and 292 nm. Schilt 
and Dunhar [S] assigned the first to the dissocia- 
tion equilibrium of the biprotonated species, 
H,phen* + , the last three to the dissociation of the 
monoprotonated species, Hphen +, and that at 
239 nm to both reactions. The value of pK,, = 
- 1.8- 1.95 given by some authors [8,9] for the 
first dissociation indicates the absence of 

Hzphen2 + in the high pH,, region (pcH > 4.8) 
which agrees with the fact that the change of the 
spectra in Fig. 3 is a monotonic function of pH, 
and with the solubility measurement described in 
the previous section. Following the procedure 
used for oxine, the deprotonation constant, pKa,, 
of Hphen+ was calculated to be 5.81 f 0.07, 
while potentiometric titration resulted in a value 
of 5.82 f 0.05. This result, when compared with 
the reported value of 5.00(2) [lo] at zero ionic 
strength, shows the ‘salting out’ effect of the ionic 
medium on acid dissociation. The existence of the 
species H,phen*’ and Hphen’ has been proposed 
[l l] and their thermodynamic data were reported 
from calorimetric [ 121 and potentiometric titra- 
tions [13]. Although no evidence was found in the 
spectroscopic measurement, our potentiometric ti- 
tration supported the existence of the species 
Hphen+ since a significant improvement in the fit 
of the calculation resulted by inclusion of this 
species. In this study the single dissociation model 
as described in Eq. (7) was used in the modeling 
of the metal-ligand interactions. 

The deprotonation of HTTA is reflected in an 
isobestic point at 310 nm as the pcH is varied. In 
the spectra, peaks at 269 and 292 nm and at low 
pcH can be assigned to the protonated keto form 
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Wavelength, nm 

Fig. 2(a) 

\ 236 nm 

Fig. 2(b) 

Fig. 2. (a) The spectra of 4.0x10 - 5 M oxine in 5.0 m NaCl solution. The corresponding pcH values are: (I) 12.13; (2) 11.15; (3) 
10.80; (4) 10.46; (5) 10.08; (6) 9.78; (7) 9.47; (8) 9.03; (9) 8.39. (b) The absorbances of oxine at 236 and 256 nm as functions of pcH: 
(A) [H,Oxn +] = [HOxn]; (B) [HOxn] = [Oxn -1. 

of HTTA, and the peak at 350 nm can be as- 
signed to the ionized enolate form, TTA -. The 
deprotonation constant, pK,, , calculated from 
the absorbances using Eq. (12) has a value of 
6.37 f 0.04, which agrees with that from poten- 

tiometric titration of pKa, = 6.47 + 0.03. 
Fig. 4 shows the speciation diagrams of ox- 

ine, phen and HTTA calculated using the pK, 
values from the potentiometric titration experi- 
ment. 
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Fig. 3. The spectra of 2xlOW’ M phen in 5.0 m NaCI. The 
corresponding pcH values are: (I) 4.85; (2) 5.51; (3) 5.74; (4) 
5.83: (5) 6.26; (6) 6.67; (7) 7.36; (8) 7.98. 

3.3. Complexation with Nd(IIIj and Th(IVj 

Complexation of the three ligands with Nd(ll1) 
and Th(lV) cations was studied by spectrophoto- 
metry. Since low ligand concentrations were used 
to obtain a suitable absorbance in these experi- 
ments, a large excess of metal ion was added to 
give an observable amount of complex. Under 
such a condition, the following 1:l metal-ligand 
complexation reactions may be dominant: 

MM+ + L’n- g ML’” -- ,n)+ 

(m = 0 for phen, m = 1 for oxine and HTTA) 

(14) 

1.000 

0.800 

0.600 

k 

0.200 

7.00 8.00 9.00 lO.o( 

PCH 

Fig. 4. The speciation diagram of oxine/HTTA/phen in 5.0 m 
NaCl solution: (-) oxine; (- - -) phen; (- * -) HTTA. 

where M represents Nd(ll1) or Th(lV). The ex- 
pression relating the change in absorbance and 
the metal concentration (C,) can be simplified to 

[I41 
" [H-l' 7 

1 1 l +i&l K -ia, -= .l+ _-d’ 
4 - GO ‘%(ML) - 60 L bIcM ’ 

(15) 

where 8, and e, are the observed absorbances of 
the ligand in the presence and the absence of the 
metal ion respectively, and eicML, and /I, are the 
absorbance and the stability constant of the com- 
plex formed respectively. The stability constant, 
p,, can be calculated from a linear plot of l/(8, - 
E,~) vs. l/C, and from the dissociation constants, 
Kai. 

Plots of 1 /(Ed - aiO) vs. l/C, were linear in all 
cases, confirming the formation of 1: 1 complexes. 
Table 2 lists the stability constants calculated 
from the slopes and intercepts of the plots. Also 
included in the Table are values of log /I, from the 
analysis of the data with the computer program 
SQUAD [15]. Corrections for the competition of 
the acetate buffer as a complexant of Nd were 
made using the values pK, (acetic) = 5.130 [6] and 
log p,(Nd-acetate) = 2.20. This value of /I, is for 
AmAc ~ complexation [ 161 since data for NdAc _ 
were unavailable. This correction increased the 
stability constants by 0.11. The complexation 
competition from hydroxylamine was neglected as 
no visible change in the hypersensitive spectrum 
of Nd(ll1) was observed upon addition of hydrox- 
ylamine up to a concentration of 0.01 M. 

Complexation of actinide cations with these 
three ligands has not been investigated exten- 
sively. Skorik [17] reported the first stability con- 
stant data for the trivalent rare earth Sc(ll1) and 
Th(lV) complexes with oxine in 0.1 M NaClO, 
(measured by the potentiometric titration 
method). The values reported for Nd(ll1) and 
Th(lV) are: log /?,(Nd) = 6.66 + 0.09 and log 
,8,(Th) = 11.70 + 0.13. Considering that different 
ionic media and ionic strengths are involved, our 
values do not seem to disagree with those of 
Skorik. A value of log K = 0.30 was reported for 
the equilibrium constant of the Th(lV)-TTA 
complexation, [Th4+][HTTA]/[ThTTA3+][Hf], in 
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Stability constants, log B,. of Nd(lI1) and Th(IV) complexes with oxine. TTA and phen in 5.0 m NaCl at 25°C 

Ligand From Eq. (15) 

Nd(II1) Th(IV) 

From SQUAD program 
- 

Nd(II1) Th(IV) 

Oxine 7.41 * 0.02” 10.46 0.09” i 7.29 k 0.01 
7.52 * 0.02’ 7.40 f 0.01‘ 

Phen 2.72 i 0.06” 3.81 0.05’ k 2.15 kO.06 3.24 & 0.05 
2.83 i 0.06’ 2.26 k 0.06’ 

TTA 3.68 + 0.02’ 7.14 0.05” + 3.60 i 0.05’ 6.57 * 0.01 
3.79 * 0.02 3.71 & 0.05’ 

Solutions prepared for measurements are: 
’ 3.2x10-’ M oxine at pcH 5.87 with Nd(lI1) from 0 to 0.018 M. 
‘2.4x10-’ M oxine at pcH 3.62 with Th(lV) from 0 to 0.038 M. 
‘Corrected for the buffer competition. 
’ 4~10~~ M phen at pcH 5.87 with Nd(II1) from 0 to 0.015 M. 
‘4.0~10~~ M phen at pcH 3.53 with Th(IV) from 0 to 0.079 M. 
‘8.0~10~’ M TTA at pcH 5.87 with Nd(II1) from 0 to 0.0010 M 
f 8.0x10- ‘M TTA at pcH 3.09 with Th(IV) from 0 to 0.014 M. 

2.0 M (H, Na)ClO, from solvent extraction mea- 
surements [18]. Our value, calculated from pK, 
data measured by potentiometric titration, is 0.67. 

The complexation interactions of both metal 
ions follow the order: oxine > HTTA > phen, 
which is consistent with the basicities of the three 
ligands as reflected by their acid constant values. 
The strong interaction with oxine probably 
reflects formation of a chelate structure. The in- 
teractions of phen with Nd3+ and ThS- are 
weaker than those with soft divalent cations, such 
as Ni’+ (log /J, = 8.60), Cu’+ (log /3, = 9.08 and 
Zn*+(log p, = 6.04) [I 11, but stronger than those 
with the hard divalent cations Mg*+(log p, = 
1.55) and Ca’+ (log /3, = 1.09) [19]. This suggests 
that phen behaves as a soft ligand. 

4. Summary 

The solubilities of the organic compounds stud- 
ied in the neutral pcH range of natural waters are 
in the millimolar range. In the pcH 7 -8 region, 
dissolved TTA is present as an anion. phen as a 
neutral species and oxine as a cation. Conse- 
quently only TTA and phen form complexes with 
actinide cations. The complexation of Nd(III) by 

TTA at pcH 7 could compete with hydrolysis to 
increase the solubility of Nd(II1) by 1~ 10%. How- 
ever, the competition with hydrolysis of Th(IV) 
would provide an insignificant increase in Th(IV) 
solubility. The weaker complexation constants of 
phen indicate that this ligand would have even 
less effect on the solubilities of Nd(II1) and 
Th(IV). Oxine would have no effect in the pcH 
7-8 range. 
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Abstract 

The use of four dithiocarbamates and three fluorinated /Y-diketones as potential chelating agents for three 
transition metal ions (Cd’-, Pb’ ’ , and Hg’+) extracted from spiked sand and filter paper samples by supercritical 
fluid extraction (SFE) was investigated. The extractions were performed at 45°C and 250 atm for spiked sand samples 
and at 60°C and 200 atm for filter paper samples using supercritical carbon dioxide modified with 5% methanol. At 
2.50 atm and using carbon dioxide modified with 5% methanol, the recoveries of Cd*+, Pb2+: and Hg*+ ions from 
spiked sand samples were >95’%1 with lithium bis(trifluoroethyl)dithiocarbamate (LiFDDC) as the chelating agent; 
they ranged from 83-97% with diethylammonium diethyldithiocarbamate and from 87-97X with sodium di- 
ethyldithiocarbamate as chelating agents, and from 68-96X with trifluoracetylacetone, hexafluoroacetylacetone, and 
thenoylfluoroacetone as chelating agents. Ammonium pyrrolidinedithiocarbamate was not effective in the chelation 
SFE of Cd’+, Pb’+, and Hg2+ Ions from either spiked sand or spiked filter paper samples under the extraction 
conditions used. Supercritical carbon dioxide alone gave consistently lower analyte recoveries than supercritical 
carbon dioxide modified with 5% methanol. The results suggest that the solubility of the metal chelate in the 
supercritical fluid plays a more important role than the solubility of the chelating agent in the supercritical fluid, as 
long as sufficient chelating agent is present in the fluid phase. Fluorination of the chelating agent, as in the case of 
LiFDDC, increases the solubility of the metal chelate, and subsequently enhances the extraction efficiency for the 
metal ions. 

Keywords: Cd; Chelating agents: Hg; Pb; Supercritical fluid extraction 
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1. Introduction 

Supercritical fluid extraction (SFE) of organic 
compounds has gained acceptance as an alterna- 
tive sample preparation technique in recent years 
[l-3]. Compared with conventional solvent ex- 
tractions techniques, SFE offers several advan- 
tages including relatively high sample throughput 
and the reduction in both solvent usage and sol- 
vent waste generation, whilst still achieving ana- 
lyte recoveries that are comparable to those 
achieved by Soxhlet and sonication techniques. 
Although most of the SFE studies published so 
far have focused on organic compounds, there is 
an increasing interest in extracting metal ions by 
SFE from solid samples [4-121. Direct extraction 
of metal ions with supercritical CO2 is not possi- 
ble because of the charge neutralization require- 
ment and the weak solvent-solute interactions. 
To extract metal ions with supercritical carbon 
dioxide it is necessary that metal ions be 
converted into neutral metal complexes that are 
soluble in supercritical carbon dioxide or super- 
critical carbon dioxide modified with small 
amounts of organic solvents. 

The selection of suitable chelating agents is 
critical in the chelation-SFE of metal ions. Im- 
portant requirements include high stability con- 
stants of the metal complexes, high solubilities 
of the chelating agents and their metal complexes 
in pure or modified supercritical carbon 
dioxide, fast chelation kinetics, and complexing 
specificity to allow selective extraction of a 
metal ion or a group of metal ions. We have 
recently demonstrated that lithium bis(trifl- 
uoroethyl)dithiocarbamate (LiFDDC) is an effec- 
tive chelating agent for extracting several 
transition metal ions, including Cd*+, Co2+, 
cu*+ . Zn’+, and Hg2+ ions, from solid 
and aqueous samples by SFE [6-81. The 
successful use of LiFDDC as chelating agent is 
largely due to the fact that the solubilities 
of metal-FDDC complexes in supercritical car- 
bon dioxide are generally 2-3 orders of 

magnitude greater than those of the non-fluori- 
nated analogues [4,5]. Wang and Marshall [9] 
reported recently that tetrabutylammonium 
dibutyldithiocarbamate (DBDTC) was effective 
in extracting Cd*+, Pb*+. and Zn*+ from 
aqueous matrices by SFE with carbon dioxide. 
Our other recent SFE studies indicated that sev- 
eral fluorinated p -diketones were effective chelat- 
ing agents for thorium, uranium, lanthanide, and 
actinide metal ions [lo-121. Obviously, the suc- 
cessful use of chelation-SFE techniques for rou- 
tine extraction metal ions also depends on the 
availablity of these chelating agents. LiFDDC 
and DBDTC are not available commercially; 
therefore, their routine use in SFE is currently 
limited because they are costly to synthesize in 
small quantities. 

As part of a continuing development and eval- 
uation program of new sample preparation tech- 
niques, conducted by the U.S. Environmental 
Protection Agency (EPA) through the Environ- 
mental Monitoring Systems Laboratory-Las Ve- 
gas (EMSL-LV), we investigated the use of 
several commercially available dithiocarbamates 
and fluorinated /Y-diketones as chelating agents 
for extracting metal ions by SFE. In this 
paper, we report the evaluation of four dithiocar- 
bamates [LiFDDC, diethylammonium di- 
ethyldithiocarbamate (Et,NH,DDC), sodium 
diethyldithiocarbamate (NaDDC), ammonium 
pyrrolidinedithiocarbamate (APDC)] and three 
fluorinated p-diketones [trifluoracetylacetone 
(TFA), hexafluoroacetylacetone (HFA), thenoyl- 
trifluoroacetone (TTA)] as chelating agents for 
three transition metal ions (Cd*+, Pb*+, and 
Hg*‘) that were extracted from spiked sand and 
cellulose filter paper by SFE. 

2. Experimental 

2.1. Reagents and materials 

The chelating agents Et,NH,DDC, NaDDC, 
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APDC, TFA, HFA, and TTA were purchased pump (Haskel Inc., Burank, CA), The extraction 
from Aldrich (Milwaukee, WI). LiFDDC was pressure was controlled to f5 psi using a Setra 
synthesized according to a procedure outlined Systems (Acton, MA) pressure transducer. Fused- 
in the literature [13]. The starting material, silica tubing (50 pm i.d. x 20 cm length) was used 
bis(trifluoroethyl)amine, was obtained from as a restrictor. The flow rate of the extraction 
PCR Chemicals (Gainesville, FL) and other fluid was about 2.0 ml min-’ (as a liquid). The 
chemicals used in the synthesis. including n- restrictor and the collection solvent were at room 
butyllithium (2.5 M in hexane), carbon temperature before extraction. No attempt was 
disulfide, and isopentane were obtained from made to control the temperature of the collection 
Aldrich. solvent during extraction. 

Stock solutions of Cd’+, Pb’+. and Hg*’ 
ions at 1000 pug ml-’ were obtained from J.T. 
Baker Inc. (Phillipsburg, NJ). Spiked solutions 
were prepared from the stock solutions as 
needed. Deionized water from a Millipore Milli- 
Q system (Bedford, MA) was used for the 
preparation of all aqueous solutions. 

2.3. SFE procedure., 

Methylisobutylketone (MIBK) and nitric acid 
were Ultrex-grade ultrapure reagents from J.T. 
Baker Inc. All other reagents and solvents used 
in this study were of analytical grade and were 
obtained from Aldrich or Baxter Scientific (Mc- 
Gaw Park, IL). Purified sand was obtained 
from J.T. Baker Inc. Cellulose filter paper 
(Whatman 42) was obtained from Baxter Scien- 
tific. A local soil sample was obtained from a 
soil laboratory at the University of Idaho. 
SFC-grade carbon dioxide and carbon dioxide 
modified with 5% methanol (Scott Speciality 
Gases, Plumsteadville, PA) were used in all ex- 
periments reported here. 

2.2. SFE apparatus 

All experiments were performed with a labora- 
tory-built SFE system. A 3.5 ml stainless-steel 
vessel obtained from Dionex (Sunnyvale: CA) was 
used as the extraction vessel. The extraction vessel 
was fitted with two two-way stainless-steel needle 
valves (Supelco, Inc., Bellefonte, PA) as the inlet 
and outlet valves, which were manually adjusted 
to perform the static and dynamic extractions. 
The extraction vessel was maintained at the de- 
sired temperature by placing it in a thermostated 
oven. The extraction fluid (SFC-grade carbon 
dioxide or carbon dioxide modified with 5% 
methanol) was delivered to the extraction vessel 
using a microprocessor-controlled high-pressure 

The spiked sand and filter paper samples were 
prepared as follows. A known amount (5 pg) of 
each element was spiked onto a pre-washed cellu- 
lose-based filter paper (Whatman 42) or onto 
sand (300 mg). The spiked samples were air-dried 
at room temperature overnight prior to extrac- 
tion. To perform chelation-SFE, the spiked sam- 
ple was placed in a sample holder made of a glass 
tube (0.9 cm o.d. x 0.7 cm i.d. x 3 cm length), 
which was plugged at one end with a piece of 
glass wool. After the sample was wetted with 10 
~1 of deionized water, the open end of the sample 
holder was plugged with a piece of glass wool. 
The sample holder was then placed into the ex- 
traction vessel. The chelating agent (50 mg) was 
placed into another glass tube (0.65 cm o.d. x 0.5 
cm i.d. x 2 cm length). with the middle portion of 
the tube blown to a bulb-like shape to hold the 
chelating agent. The chelating agent holder was 
then partially inserted into the upstream end of 
the sample holder in the extraction vessel and the 
vessel was closed (Fig. 1). This arrangement is 
suitable for handling liquid ligands such as TFA 
and HFA. The chelation and extraction process 

1 

Fig. 1. Schematic diagram of the experimental system used for 
the SFE of metal ions: (1) CO2 cylinder; (2) pump; (3) inlet 
valve; (4) oven: (5) pre-heat coil; (6) ligand holder: (7) sample 
holder; (8) extraction cell; (9) outlet valve: (10) collection vials. 
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was conducted in the static mode for 15 min, 
followed by dynamic extraction for an addi- 
tional 15 min. The extracted metal chelates were 
collected in chloroform (4 ml each) and placed 
in two glass vials (1.2 cm i.d. x 10 cm length) 
connected in series. 

2.4. Solubility measurement 

The approximate solubilities of the three 
dithiocarbamates (NaDDC, Et,NH,DDC, and 
APDC) in supercritical carbon dioxide and car- 
bon dioxide modified with 5% methanol were 
measured as follows. A known amount of the 
dithiocarbamate chelating agent was placed in 
the special holder described above. The holder 
was plugged with glass wool at both ends and 
inserted into an extraction vessel. The extraction 
vessel was heated to 60°C and pressurized to 
200 atm using either supercritical carbon dioxide 
or carbon dioxide modified with 5% methanol. 
After a 30 min static step, the inlet valve of the 
extraction vessel was closed and its outlet valve 
was opened; the dissolved chelating agent was 
collected by immersing the restrictor outlet in a 
vial containing 4 ml of chloroform. After the 
extraction vessel was completely depressurized, 
the chelating agent holder was removed from the 
extraction vessel and the empty extraction vessel 
was re-installed in the oven. To recover any 
chelating agent that might have precipitated in- 
side the extraction system during the depressur- 
ization step, the extraction vessel was extracted 
again with either supercritical carbon dioxide or 
carbon dioxide modified with 5% methanol at 
60°C and 200 atm in the dynamic mode. The 
dynamic flushing step may contribute up to 10% 
of the total chelating agents collected in the col- 
lection vial. Precipitation of the chelating agent 
on the surface of the ligand holder may con- 
tribute to the uncertainties in solubility measure- 
ments. This source of error is probably small 
because the surface area of the ligand holder is 
small compared with the total surface of the 
SFE system. The concentration of the dithiocar- 
bamate in the chloroform solution was measured 
with a spectrophotometer. The solubility was 
then calculated from the amount of dithiocarba- 

mate recovered in the chloroform and the vol- 
ume of the extraction vessel. 

2.5. Analysis of extracted solid samples and 
SFE extructs 

The concentrations of Cd’- and Hg2+ in sand 
and cellulose-based filter paper samples and 
chloroform extracts were determined by neutron 
activation analysis (NAA). The details of the 
NAA system used have been reported previously 
[14]. The solid samples were placed in 
polyethylene vials; the vials were then sealed by 
heat and subjected to neutron irradiation. Stan- 
dards were irradiated and counted under the 
same condition as samples. To determine the 
concentrations of mercury and cadmium com- 
plexes in the chloroform extracts, a known vol- 
ume of the extract was transferred to 
polyethylene vials and evaporated to dryness in 
the vials prior to NAA. The samples and stan- 
dards were irradiated for 1 h in a 1 MW 
TRIGA nuclear reactor at a steady flux of 6 x 
10” n cme2 SK’ and counted on a large-volume 
ORTEC Ge(Li) detector with a resolution 
(FWHM) of about 2.3 keV at the 1332 keV 
“Co peak. The activities at the 336 and 279 keV 
gamma peaks from “‘Cd and 2”3Hg respectively 
were used for the quantification of Cd” and 
Hg’+. If sufficient ligand is present in the ex- 
traction system, quantitative recovery of ex- 
tracted metal chelates can be achieved. Under 
our experimental conditions: the amount of 
metal collected generally agrees with that re- 
maining in the sample to within a few percent. 

The concentration of Pb’- in chloroform 
extracts was determined by atomic absorp- 
tion spectrophotometry (IL VIDEO 12 AAS) 
or inductively-coupled plasma mass spectrome- 
try (ICP-MS) (Sciex Elan model 250). The 
metal chelate in the chloroform solutions 
was back-extracted with 5 ml of 50% (v/v) 
Ultrex HNO, for 1 h using a wrist-action 
mechanical shaker (Burrell model 75). After 
phase separation, the acid solutions were 
transferred to 10 ml volumetric flasks and di- 
luted to volume for AAS or ICP-MS analysis. 
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Table I 
Percent recoveries of Cd’+, Pb”+ and Hg” ions from spiked sand samples by SFE using dithiocarbamates as chelating agentsd 

Chelating agent Cd (‘X,) Pb (XI) Hg (X>) 

100 atm 250 atm 100 atm 250 atm 100 atm 250 atm 

Carbon dioxide 
LiFDDC 90 92 84 91 92 93 

92 91 81 90 93 94 

Et,NH,DDC 61 66 70 81 75 91 
58 70 71 80 78 93 

NaDDC 35 81 40 86 60 95 
36 82 43 85 55 92 

APDC I6 21 I8 42 24 27 
IO I7 20 44 21 24 

Carbon dioxide with 5% methanol 
LiFDDC 92 97 91 97 94 91 

90 96 89 95 90 98 

Et,NH2DDC82 80 85 92 83 97 90 
88 83 86 93 89 95 

NaDDC 53 92 84 91 89 97 
52 87 83 90 84 96 

APDC 32 53 53 65 47 54 
34 52 52 63 43 59 

* Extractions were performed in duplicate at 45°C and 100 atm or 250 atm. I5 min static followed by 15 min dynamic. The samples 
were 300 mg of sand spiked with 5 pg of each metal ion. The amount of chelating agent used was 50 mg per sample. 

The paper samples were digested with concen- 
trated nitric acid in beakers that were covered 
with glasses and heated on hot-plates to tempera- 
tures slightly below the boiling points of the sam- 
ple solutions. The spiked metals in sand were 
extracted using 5% nitric acid. The acid solution 
from each sample was transferred to a 10 ml 
volumetric flask and diluted to volume for AAS 
or ICP-MS analysis. 

3. Results and discussion 

The recoveries of Cd’+, Pb’+, and Hg’+ ions 
from spiked sand samples are summarized in 
Table 1. When extractions were performed with 
LiFDDC and supercritical CO, at 45°C and 100 

atm, the recoveries from the spiked sand samples 
ranged from 90&93% for Cd2+ and Hg2+ ions 
and were 81% and 84% for Pb2 + ions. 
Et,NH,DDC and NaDDC were less effective 
than LiFDDC in extracting these metal ions; with 
Et,NH,DDC, recoveries from 70-78% for Pb’+ 
and Hg” ions and were 58 and 6 I”/0 for Cd2+ 
ions; with NaDDC, recoveries of Pb’+, HE’+, 
and Cd’+ were between 35 and 60%. APDC was 
the least effective chelating agent; none of the 
metal ions could be extracted with recoveries 
above 24%. 

Higher recoveries were obtained with supercriti- 
cal carbon dioxide modified with 5% methanol. 
When the extractions were performed with 
LiFDDC at 45°C and 100 atm, the recoveries of 
Cd’+. Pb”, and Hg2+ ions ranged from 89%94%; 
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Table 2 
Percent recoveries of Cd’+, Pb’+ and Hg’+ tons from spiked filter paper samples by SFE using dithiocarbamates as chelating 
agents” 

Chelating agent Cd (‘X1) Pb (‘XI) Hg (‘Xi) 

Carbon dioxide 
LiFDDC 91 83 95 

90 88 95 

EtzNHzDDC 29 62 94 
30 64 95 

NaDDC 38 68 91 
36 71 94 

APDC 4 9 13 
6 II 18 

Carbon dioxide with 5% methanol 
LiFDDC 96 96 96 

96 95 97 

Et,NH>DDC 12 92 96 
70 90 95 

NaDDC 75 91 92 
71 90 91 

APDC 16 51 35 
18 49 44 

a Extractions were performed in duplicate at 60°C and 200 atm. 15 min static followed by 15 min dynamic. The amount of chelating 
agent used was 50 mg per sample. 

with Et,NH,DDC and NaDDC, recoveries 
ranged from 82289% (except that the recovery 
of Cd*+ was only about 53% with NaDDC). 
Recoveries obtained with APDC as the complex- 
ing agent were also higher than those obtained 
with supercritical carbon dioxide alone. 

When the pressure was increased from 100 
atm to 250 atm (the temperature was maintained 
at 45”(Z), the recoveries increased noticeably. 
The increases were more pronounced with super- 
critical carbon dioxide modified with 5% 
methanol than with supercritical carbon dioxide 
along (Table 1). For example, the recoveries 
were 95% or greater for the three metal ions 
using LiFDDC, and they ranged from 83397% 
with Et,NH,DDC or NaDDC. APDC was still 
not effective even with the increased extraction 
pressure. 

The results for the spiked filter paper samples 
(Table 2) indicate that supercritical carbon diox- 
ide modified with 5% methanol was also a more 
effective extraction fluid than supercritical car- 
bon dioxide alone. When extraction was per- 
formed at 60°C and 200 atm with supercritical 
carbon dioxide modified with 5% methanol, the 
recoveries from spiked filter paper samples were 
395% for the three metal ions when using 
LiFDDC, and ranged from 90-96% for Pb*+ 
and Hg*+ ions and from 70-75% for Cd’+ ions 
when using Et,NH,DDC and NaDDC. APDC 
was not effective in the chelationSFE of Cd2+, 
Pb2+, and Hg*+ ions from spiked filter paper 
samples under the extraction conditions used (re- 
coveries ranged 16-51%). 

The results in Tables 1 and 2 indicate that the 
fluorinated chelating agent LiFDDC is more ef- 
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Solubilities of various dithiocarbamates in supercritical carbon dioxide and modified carbon dioxide at 60°C and 200 atm” 

Chelating agent Fluid phase Solubility (mole I-‘) 

Et?NH,DDC Carbon dioxide with 5’% methanol 24x IO ’ 
17 x IO-’ 

EtzNH,DDC Carbon dioxide 6 x IO-’ 
2 x IO-’ 

NaDDC Carbon dioxide with 5’%1 methanol 0.4x10 2 
0.3 x IO-’ 

NaDDC Carbon dioxide 0.2 x IO-’ 
0.1 X IO-’ 

APDC Carbon dioxide with 5% methanol 0.04 x IO-’ 

APDC Carbon dioxide 

* Duplicate determinations. 

fective than its non-fluorinated analogues. This 
finding may be explained by the fact that the 
fluorinated metal-dithiocarbamate chelates have 
higher solubilities in supercritical carbon dioxide 
than their non-fluorinated analogues. It is known 
that fluorine substitution in metal chelates tends 
to enhance their solubilities in supercritical carbon 
dioxide significantly [6]. For example, the solubil- 
ity of Hg(FDDC), in supercritical carbon dioxide 
at 50°C and 150 atm has been determined to be 
(5.0 + 0.4) x lo-’ M, which is about 600 times 
greater than the non-fluorinated analogue 
Hg(DDC), [5]. The solubility of Hg(FDDC), in 
supercritical carbon dioxide modified with 5% 
methanol at the same temperature and pressure is 
about a factor of two higher than its solubility in 
supercritical carbon dioxide alone at 50°C and 
150 atm [5]. The solubilities of Pb(FDDC),, Pb(- 
DDC),, Pb(PDC), in CO, at 50°C and 150 atm 
were determined by this study to be (2.3 ? 0.6) x 
IO-’ M, (1.2 x 0.3) x 10~ ’ M. and (5.1 x 0.2) x 
lop7 M respectively, i.e. the fluorinated complex 
is about 200 times more soluble than the non- 
fluorinated complex. APDC, which forms the 
Pb(PDC)2 complex with a low solubility in super- 
critical COz, is also the least effective ligand for 
SFE of Pb. The solubility of Cd(FDDC), has not 

0.04 x IO-’ 

0.02 x lomz 
0.02 x lo-’ 

been measured because of the difficulties involved 
in preparation of the pure compound. However. 
based on the available solubility data of metal 
dithiocarbamates in supercritical CO,, we expect 
the fluorinated Cd(FDDC)Z to be more soluble 
than its non-fluorinated analogue. 

We determined the approximate solubilities of 
three dithiocarbamates (Et,NH,DDC, NaDDC 
and APDC) in supercritical carbon dioxide and 
carbon dioxide modified with 5”/;1 methanol (Table 
3). The results indicate that the solubilities of 
these dithiocarbamates in supercritical carbon 
dioxide modified with 5% methanol were approxi- 
mately 2-5 times higher than those in supercriti- 
cal carbon dioxide alone, and the solubilities of 
Et,NH,DDC in the supercritical fluids were ap- 
proximately 25 times higher than that of NaDDC 
in supercritical carbon dioxide alone and approxi- 
mately 60 times higher than that in supercritical 
carbon dioxide modified with 5% methanol. Al- 
though Et,NH,DDC was much more soluble 
than NaDDC, the recoveries of Cd*-, Pb*+ and 
Hg’+ ions from the solid matrices were similar 
with either Et?NH,DDC or NaDDC because the 
chelates formed with Et,NH,DDC and NaDDC 
were identical. This suggests that the solubility of 
the metal chelate in the supercritical fluid plays a 
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Table 4 
Percent recoveries of Cd”+, Pb’- and Hg’ + ions from spiked sand samples by SFE using /I-diketones as chelating agents“ 

Chelating agent Amount Cd (‘“u) Pb (VI) Hg (‘%I) 

100 atm 250 atm 100 atm 250 atm 100 atm 250 atm 

Carbon dioxide 
TFA 50 /!I 65 16 71 70 72 85 

51 65 68 66 63 83 

TFA 100 mg ‘I 67 51 70 50 72 
24 58 62 74 56 75 

HFA 50 ,lil 62 69 68 65 67 66 
71 60 71 68 62 73 

Carbon dioxide nith 5”‘;) methanol 
TFA 50 /II 93 95 88 12 91 94 

84 90 80 68 82 93 

TTA 100 mg 77 96 75 86 86 96 
82 93 80 81 92 91 

HFA 50 /iI 82 96 87 71 92 14 
67 95 81 74 93 82 

Cl Extractions were performed in duplicate at 45°C and 100 atm or 250 atm, 15 min static followed by I5 min dynamic. The samples 
were 300 mg of sand spiked with 5 fig of each metal ion. 

more important role than the solubility of the 
chelating agent. as long as sufficient chelating 
agent is present in the fluid phase. 

The recoveries of Cd, Pb, and Hg from spiked 
sand samples by SFE using fluorinated /J-dike- 
tones (TFA, HFA, and TTA) as chelating agents 
are summarized in Table 4. When the extractions 
were performed with carbon dioxide alone at 
45°C and 100 atm or 250 atm, the recoveries of 
Cd2+, Pb”, and Hg2+ ions ranged from 50&85X 
(21 and 24% for Cd” with TTA as chelating 
agent). When the extractions were performed with 
carbon dioxide modified with 5”/0 methanol at 
45°C and 100 atm or 250 atm, the recoveries 
ranged from 67796% with TFA, HFA. and TTA 
as the chelating agents. The results indicate that 
the three fluorinated p-diketones are also effective 
chelating agents for Cd’+. Pb’+, and Hg’+ ions. 

Table 5 shows the extraction of spiked Cd and 
Hg (5 pug each) from a real soil sample (300 mg) 
using LiFDDC, NaDDC, and HFA as chelating 
agents. This soil sample, obtained from Latah 

County, ID, contains low levels of Cd and Hg 
(co.1 ppm) and hence is suitable for Cd and Hg 
spike experiments. According to Table 5, at 45°C 
and 250 atm LiFDDC can quantitatively extract 
all spiked Cd and Hg from the soil under the 
specified SFE conditions. NaDDC shows slightly 
lower extraction efficiencies for Cd and Hg in the 
real soil sample compared with the results ob- 
served from sand. HFA also shows lower extrac- 
tion efficiencies for Cd and Hg in the real soil 
sample. The matrix appears to play a role in 
lowering metal extraction efficiencies from the 
real soil sample for some chelating agents. 

4. Conclusions 

The results of this study show that di- 
ethyldithiocarbamates (LiFDDC, Et,NH,DDC 
and NaDDC) and fluorinated P-diketones (TFA, 
HFA, and TTA) are effective chelating agents for 
extracting transition metal ions such as Cd2+ 
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Table 5 
Extraclion of spiked Cd’+ and Hg’+ from a soil sample using carbon dioxide with 5% methanol 

Chelating agent Cd (‘“,,) Hg (%) 

100 atm 250 atm 100 atm 250 atm 

LiFDDC 85 97 86 103 
89 100 88 100 

NaDDC 54 90 84 87 
50 84 82 90 

HFA 40 53 68 81 
42 64 64 73 

* SFE conditions: 300 mg of soil spiked with 5 /cg of Cd’+ and Hg’+ each, 50 mg of LiFDDC or NaDDC or 50 //I of HFA. 200 
/(I of HZO, I5 min static and 15 min dynamic extraction, 

Pb“. and Hg’+ from solid matrices, including 
sand and filter paper, by SFE. The use of super- 
critical CO, modified with 5% methanol gave 
higher metal ion recoveries compared to those 
obtained with supercritical carbon dioxide alone. 
The results also suggest that the solubility of the 
metal chelate in the supercritical fluid plays a 
more important role than the solubility of the 
chelating agent for recovering metal ions, as long 
as sufficient chelating agent is present in the fluid 
phase. Fluorination of the chelating agent (as in 
the case of LiFDDC) increases the solubility of 
metal chelate and subsequently enhances the ex- 
traction recoveries of the metal ions. In real soil 
samples, LiFDDC is the most effective chelating 
agent for extracting spiked Cd and Hg ions. The 
native soil matrix appears to lower metal extrac- 
tion efficiencies for the chelating agents. This 
study presents preliminary method development 
data concerning the effectiveness of some com- 
mercially available chelating agents for SFE of 
metals in simulated solid samples. Further studies 
of these and other chelating agents for SFE of 
metal ions in real soil samples are currently in 
progress. 
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Abstract 

3-Hydroxy-2-methyl-1,4-naphthoquinone-immobilized silica gel has been used for the adsorption and estimation of 
copper, cobalt, iron and zinc by both batch and column techniques. The distribution coefficient D determined for 
each metal ion was as follows (ml g ‘): Fe, 3.6 x 10”; Cu, 3.9 x 10’; Co, 3.8 x 102; Zn, 4.1 x IO*. Methods have been 
developed to estimate zinc, copper and cobalt in milk, steel and vitamin samples respectively. 

Kqwvrds: 3-Hydroxy-Z-methyl- 1,4-naphthoquinone-immobilized silica gel; Metal ions; Milk; Solid-phase extraction; 
Steel; Vitamins 

1. Introduction 

Metal chelating resins (adsorbed or chemically- 
bonded chelates) have been found to be of great 
utility for the preconcentration and separation of 
trace metals from different matrices. Alkylamines 
[1], diamine [2], xanthate [3], dimethylglyoxime 
[4], n-butylamide [5], amidoxime [6], dithizone [7], 
%hydroxyquinoline [B], dithiocarbamates [9], 
propylenediamine tetraacetic acid [lo], 3( l-imida- 
zolyl)propyl [ 111, thiazolylazo anisole [12], sali- 
cyldehyde 1131, S-hydroxyquinone [14], 2,5-dimer- 
capto [ 151, quinolylazo [16] and didecylamino 
tridecylammonium iodide [ 171 have been immobi- 
lized on various substrates. Chelex 100 [18,19], 

* Corresponding authors. Fax: (+91) 1 I-7257-336 

Dionex [20], cyanex [21,22] and Amberlite [23,24] 
have also been used for the determination of 
various metal ions. The use of supports loaded 
with chelating reagents is particularly convenient 
because it is easy to prepare such resins, although 
their stabilities and collection abilities may be 
inferior to those of the chelating resins containing 
the various functionalized groups [25]. However, 
these modified sorbents have shown a lack of 
stability in high ionic strength media and low 
recovery if more than 300 ml of solution is used. 
Another disadvantage is the partial elution of the 
chelating reagent with perchloric or hydrochloric 
acid solutions of the concentration required for 
elution of metals forming very stable chelating 
complexes, which makes the use of the column 
impossible for several sorption-elution processes. 

0039-9140~96/$35.00 0 1996 Elsevier Science B.V. All rights reserved 
PII SOO39-9140(96)01994-7 
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Chelex is also found to be ineffective for quantita- 
tive separation of many metal ions from water 
samples containing appreciable amounts of natu- 
rally occuring fulvic and humic acids [26,27]. This 
natural organic matter binds metals and competes 
with the Chelex, making it necessary to use an 
additional sample treatment such as irradiation 
with ultraviolet light [28]. Although many materi- 
als, such as silica, polystyrene and cellulose, have 
been used as solid supports for chelating groups, 
silica shows the fast metal ion-exchange kinetics 
and the good mechanical strength and swelling 
stability required for use in high-performance liq- 
uid chromatography [29]. Such columns are supe- 
rior to conventional columns because of their high 
sorption efficiency even at very high flow rates. 
3-Hydroxy-2-methyl-1,4-naphthoquinone and its 
derivatives are of considerable interest due to 
their widespread applications in the biological and 
analytical fields. Sharma and Sindhwani [30-321 
have demonstrated the strong chelation behaviour 
of 3 - hydroxy - 2 - methyl - 1,4 - naphthoquinone 
(HMNQ) with transition and lanthanide metal 
ions. Higher sensitivity and selectivity of HMNQ 
derivatives towards the determination of metal 
ions have already been reported by Sharma and 
co-workers [33 ~ 371. 

The present work describes the application of 
silica-based HMNQ complexing agent to the 
batch and column adsorption of various transi- 
tion metals and its application in the estimation of 
metal ions in various samples. 

2. Experimental 

2.1. Appuratus 

A digital (ECIL model) pH meter 5651A and a 
Schimadzu AA-640-1 3 atomic absorption spec- 
trometer were used. A glass tube of 100 mm 
length and 7 mm i.d. was used as a chromato- 
graphic column. 

2.2. Preparation 

HMNQ was prepared from 2-methyl- 1,4-naph- 
thoquinone (Sigma) by the method of Fieser [38]. 
Its purity was checked by TLC and it was charac- 
terized by elemental analysis. 

Preparation of immobilized silica gel was done 
as reported by Kubota and Moreira [13]. Immobi- 
lization of the organofunctional group on the 
silica gel was performed in two steps. 

2.2.1. Step I 
Activated silica gel (silica was activated before 

modification in a high vacuum) was suspended in 
10% v/v 3-amino propyl triethoxy silane in dry 
toluene. The mixture was refluxed for 12 h in a 
nitrogen atmosphere with constant stirring. The 
resulting product amino propyl silica gel (APSG) 
was filtered, washed consecutively with toluene, 
ethanol and acetone and then heated at 75°C for 
10 h in a vacuum line. 

,rOH y-OH yC2ti5 

t 

toluene 
OH t (OC2H5)3 --SI - R c___) 

t 

O--&i-R 

-OH 
OH or-u- UL 1’9 

0 

3C2H30H t F’ o--S{- R 

Lo/’ 75 Oc 

R = Aminopropyl group 



B.S. Gw,y et t/l. : Tuluntu 4.3 (lYY6) 2093-2099 7095 

2.22. step 2 
The APSG was reacted with HMNQ in anhy- 

drous diethyl ether with constant stirring. The 
mixture was filtered and washed and then solid, 
modified silica was heated at 55°C in a vacuum 
line. 

Y-(CH2)3-NH2+ 0 

Y - (cH213 --N - 

Y = Solid support 

The infrared spectrum confirmed the occur- 
rence of the coupling reaction. The band at 1640 
cm ’ is due to the C-N stretching frequency of 
the imino group. 

2.3. Procedure 

2.3.1. Butch experiment 
The chelating silica gel was equilibrated with a 

suitable amount of metal ions for a certain period 
of time. The unextracted metal ions were deter- 
mined by atomic absorption spectroscopy (AAS). 

2.3.2. Column experiment 
This study was carried out using a glass column 

packed with 1 g of immobilized silica gel through 
which 100 ml of solutions of individual metal ions 
were percolated at a flow rate of 3 ml min- ‘. The 
metal ions were then eluted from the column 
using 1 N HCl/HNO, and determined by AAS. 
Each metal experiment was carried out in tripli- 
cate in order to determine the precision of the 
method. 

2.3.3. Optirnirution of adsorption time 
The time required for the solid liquid system to 

attain the equilibrium condition was determined 
by placing the solution of metal ions in a conical 
flask and shaking with modified silica gel. The 
supernatant from each flask was separated off at 
different time intervals and metal ions were deter- 
mined. The amount of metal ions adsorbed by the 
solid phase was determined by the equation 

TV*.= (X- Y)/Z (1) 

where X is the initial amount of metal ion, Y is 
the amount of metal ions in the supernatant, IVt- is 
the amount of metal ion adsorbed and Z is the 
mass of modified silica gel (g). 

3. Results and discussion 
3. I. Optimizution of adsorption time 

The time taken for the adsorption of the metal 
ion and the attainment of the equilibrium condi- 
tion by the immobilized silica gel is of consider- 
able importance. The time taken for the system to 
reach equilibrium is found to be about IO min in 
the case of Zn. Fe and Cu, and 12 min in the case 
of Co (Fig. 1). 

3.2. @“i)ct of unmount of’ rnod$rd silica gel 

The percentage retention of metal ions on 
modified silica gel was determined by using differ- 
ent amounts of silica gel. The percentage retention 
of metal ion on modified silica gel was best when 
0.1 g of modified silica gel was employed. 

3.3. Ejjtct of’ pH 

Metal solutions were adjusted to the required 
pH and passed at a flow rate of 1 ml min- ‘. Then 
the metal ions were eluted from the column. Sub- 
sequent atomic absorption analysis gave the per- 
centage recoveries of the eluted metals at various 
pH. The pH range studied was between 2 and 9. 
This study of effect of pH on modified silica gel 
shows that maximum adsorption in the case of Fe 
occurs in the pH range 5-7. In the case of Co it 
occurs in the pH range 4.5-6.5. Cu shows maxi- 
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Time t min.) 

Fig. 1. EtTect of time on adsorption 

mum adsorption in the pH range 3-7. In the case 
of Zn maximum adsorption occurs in the pH 
range 5-8 (Fig. 2). 

3.4. Effect ofjowl rate 

The dependence of the uptake of the transition 
metals on the flow rate was studied for Cu, Co, 
Fe and Zn at the pH of the aqueous metal ion 
solutions chosen for maximum complexation, the 
solution flow rate being varied from 0.5 to 5 ml 
min I. Adsorption was quantitative and repro- 
ducible in this range. The flow rate was main- 
tained at 2 ml min-’ throughout the experiment. 

3.5. Adsorption isotherms 

The adsorption isotherms were determined us- 
ing the batch techniques at 25°C. Solutions of 
metal ion in the concentration range 2 x lo-‘- 
2 x lo- ’ mol l- ’ were shaken for 45 min with 
modified silica gel. The supernatant from each 
flask was separated off, metal ions were deter- 
mined using AAS and the amount of metal ad- 
sorbed was calculated using Eq. (1). The 
distribution coefficient, D is defined as D = N,/c. 
Here Nr is expressed in mmol gP ’ and c is in 

mmol ml-i. The average values of D calculated 
for each metal (ml g-‘) in the concentration range 
2 x 10e5-2 x 10-j mol 1-l are found to be Fe, 
3.6 x 10’; Co, 3.8 x 102; Cu, 3.9 x 102; and Zn, 
4.1 x lo2 (Fig. 3). 

3.6. Effect of temperature 

Adsorption of metal ion is affected by the 
temperature, with the equilibrium constant de- 
creasing as the temperature is lowered. Studies 
have shown that adsorption increases with temper- 
ature up to 40°C but remains constant after that. 

3.7. Effect of electrolytes 

Various electrolytes, such as sodium chloride, 
potassium nitrate and potassium chloride, caused 
no improvement in the adsorption. 

3.8. Preconcentration and recovery of metal ions 

The results of the preconcentration and recov- 
ery of the metal ions using the column method are 
shown in Table 1. It can be seen that in each 
instance the recovery is almost 96%. The volume 
of eluent was 10 ml in every case. 
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Fig. 2. Effect of pH on recovery of metal ion. 

3.9. Determination of‘ Cu in steel solution A 
and B 

0.2 g of steel was added to a 250 ml calibrated 
flask. 10 ml of water and 4 ml of concentrated 
H2S0, were then added. This solution was then 
boiled with 2.5 ml of nitric acid. Any solid that 
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Fig. 3. Adsorption isotherms of metal ion at 298 K 

appearing at this point redissolved in the next 
step. The flask was cooled and then 5 ml of 
concentrated H,SO,, 5 ml of 85% phosphoric 
acid, 2 ml of 0.1 m silver nitrate and 60 ml of 
H,SO, were added in that order. Following this 5 
g of potassium persulphate was then added. This 
solution was swirled until most of the salt had 
dissolved. The solution was boiled again for 5 
min. cooled, and then 0.5 g of potassium perio- 
date was added. This solution was boiled again, 
cooled to room temperature and diluted to 250 
ml. Copper solution then passed through the 
column filled with silica gel. Copper ion was 
eluted from the column using 0.01 N HCl. The 
amount of copper ion was then determined by 
AAS. The results in Table 2 show that Cu in steel 
solution is completely recovered by immobilized 
silica gel. The recovery is almost 95%. 

Table I 
Preconcentration and recovery of metal ions 

Ion Cont. of Vol. of Recovery Recovery 
metal ions eluent (mg I-‘) (‘%I) 
(mg 1 ‘1 (ml) 

Fe 5 IO 4.85 97 
co 5 IO 4.8 96 
cu 5 IO 4.8 96 
Zn 5 IO 4.8 96 
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Table 2 Table 4 
Determination of Cu in steel solutions A and B Determination of cobalt in vitamin 

Sample Certified composition cu cu 
taken found 

A Cu = 0.22, C = 0.24, Mn = 0.74, 0.22 0.21 
Si=O.31, Cr=1.17, Mo=0.51 

B Si = 0.06, Zn = 0.045, Al = 7.50. 0.04 0.03 I 
Mn = 0.24, Cu = 0.04 

Sample Co present Co found Co found Standard 
(mg I-‘) (mg I-‘) (‘iA,) deviation 

1 22 21.0 95s 
2 22 21.0 95.5 0.11 
3 22 21.2 96.0 

3.10. Determination of Zn in milk sample 

The required amount of the powdered sample 
(6.0 g) was mineralized in a kjeldahl flask with a 
sulphuric acid-nitric acid mixture. Most of the 
acid was neutralized with sodium hydroxide. The 
solution was then transferred to a 100 ml cali- 
brated flask and diluted to volume with water. 10 
ml aliquots of the sample solution were added to 
five conical flasks which contained 2 ml of stock 
solution, 5 ml of the buffer solution and 8 ml of 
distilled water. This solution was then passed 
through the column filled with modified silica gel. 
The metal ions were then eluted from the column 
using 0.01 N HCl/HNO, and determined using 
AAS. The results for determination of Zn in the 
milk sample are given in Tabie 3. The standard 
deviation was found to be 0.57. 

about 400°C on a hot-plate, cooled to room tem- 
perature and dissolved in nitric acid(1 + 1) to give 
a solution which was slowly evaporated (1-2 h) 
on a steam bath. The residue was taken up in 
water (25 ml) to which concentrated nitric acid 
was added in 0.25 ml portions until a clear solu- 
tion was obtained on gentle heating. This solution 
was then passed through the column containing 
modified silica gel. The metal ions were then 
eluted from the column using 0.01 N HCl/HNO,. 
The cobalt content of this solution was deter- 
mined using AAS. This method resulted in 95.5% 
recovery of cobalt in vitamins. The results are 
given in Table 4. 

4. Conclusions 

3. Il. Determination of cobalt in vitumins 

The contents of 2 ml ampoules of Macraberin 
Forte injection were decomposed in a covered 
beaker by heating with concentrated nitric acid, 
first at low temperature to avoid violent reaction, 
then more strongly (with more acid) until the acid 
had evaporated. Finally, the residue was heated to 

In conclusion, using a new type of HMNQ- 
immobilized silica gel iron, copper, cobalt and 
zinc can be readily determined. This solid-phase 
extraction method shows fast ion-exchange kinet- 
ics and high sorption efficiency. The proposed 
method is widely applicable for the measurement 
of trace copper, cobalt and zinc in a variety of 
samples such as steel, milk and vitamins. 
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Table 3 
Determination of zinc in milk samples (powdered milk) 

Sample 
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Amount of 
Zn present 
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Abstract 

Acidic solutions of the Fe(III), Ma(V), W(V) and Mn(IV) cyano complexes are known to decompose photochem- 
ically. These reactions do not take place to an appreciable extent when the cyano complexes are subjected to 
spectrophotometric measurements by means of conventional spectrophotometers, but they do take place when diode 
array spectrophotometers are used. The reactions are autoaccelerated. at least in the cases of MO(V), W(V) and 
Mn(IV). and consist of photoinduced reductions of the metal ion. This effect should be taken into account in all cases 
where the measured signal has to be used for quantitative purposes, but its significance must be emphasized mainly 
in the field of kinetic analysis. where it can lead to large errors. The extent of these reactions. and therefore the size 
of the errors, can be lowered by using UV cut-off filters and by taking discontinuous measurements with suitable 
integration times. All these possibilities. which are of general application, are discussed. 

Keywords: Cyano complexes: Diode array spectrophotometry: Photochemical reaction 
-~. 

1. Introduction 

diode array spectrophotometers is that light of all 
energies in the UVVisible region impinges simul- 
taneously on the sample at any time, whilst in a 

Diode array spectrophotometers are able to 
acquire data at a rate of several spectra per sec- 
ond [l]. This makes them especially well suited to 
follow, in the UV-Visible region. systems moving 
to equilibrium (kinetic runs, chromatography, 
flow injection etc.) [2]. but they are also used 
instead of conventional spectrophotometers with 
systems at equilibrium. One of the key features of 

* Corresponding author. Fax: (+ 34)43-21-27-36 

conventional spectrophotometer only a narrow 
band of wavelengths does this. As a result, unde- 
sirable photochemical reactions happen much 
more easily in diode array spectrophotometers. 
The extent of these photochemical reactions, in 
each case, is usually related to the time the sample 
stays in the light beam. These reactions can be a 
significant source of errors, mainly in kinetic anal- 
ysis, where reaction rates or any other kinetic 
variable are measured for quantitative analytical 

0039.9140/96, $15.00 %I 1996 Elsevier Science B.V. All rights reserved 
PfI SOO39-9 140196)O 1996-O 
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purposes. However, few specific cases of photo- 
chemical reactions have been reported to take 
place in diode array spectrophotometers [3]. 

A number of cyano complexes of the transition 
metals are known to undergo photolytic reactions 
[4,5]. The redox potentials for Mn(CN)i-, 
Mo(CN)i-, W(CN)z- and Fe(CN)i- are, (us. 
NHE) 1.04 V [6], 0.725 V [7], 0.457 V [S] and 
0.361 V [9] respectively. Accordingly, all these 
compounds have oxidizing properties, and some 
of them have been used as slow oxidizing reagents 
with inorganic as well as organic substrates in 
kinetic determinations [lo- 121. Some of these 
cyano complexes can undergo thermal as well as 
photochemical decomposition, as has been re- 
ported for Fe(CN)i- [13] and Mn(CN)i- [14]. 
During study of the oxidation of aminophenols 
by octacyanomolybdate(V) (in order to propose a 
method for the simultaneous kinetic determina- 
tion of aminophenol isomers) [12] we observed 
that the MO(V) cyano complex underwent pho- 
tolytic reduction if the reaction was monitored 
with a diode array spectrophotometer. In that 
particular case the photochemical reaction did not 
result in a problem; however, in general, if the 
reaction is going to be followed through the 
cyano complex concentration, high errors can be 
produced in the presence of photochemical reac- 
tions. The present paper shows that all the afore- 
mentioned complexes undergo photolytic 
decomposition to appreciable extents when ex- 
posed to the light beam of a diode array spec- 
trophotometer; however, this problem can be 
reduced or even avoided by using suitable instru- 
mental conditions, although a price may have to 
be paid for it. 

2. Experimental 

2.1. Appuratus 
A Shimadzu UV-260 spectrophotometer with 

1.0 cm pathlength fused-silica cells and constant 
temperature cell-holders was used as the conven- 
tional spectrophotometer. The temperature in the 
cell was continuously monitored by means of a 
small Pt 100 temperature probe installed just be- 
fore the water entrance in the cell-holder, and 

kept constant (+0.2”C) by circulating water from 
a Haake F3 K thermostat controlled by the 
probe. A microcomputer HP vectra ES/12, cou- 
pled to the spectrophotometer, controlled it, ac- 
quired the data and processed them via 
home-made programs. A diode array Hewlett 
Packard HP 8452A spectrophotometer with 1.0 
cm pathlength fused-silica cell was also used. The 
cell temperature was controlled by the HP 89090A 
Peltier temperature control accessory ( * 0.2”C). 
To obtain reliable and reproducible measurements 
the solution in the cell was continuously stirred 
with a small magnetic stirrer incorporated into the 
Peltier system. A filters kit (HP part number 
0X451-60302) was sometimes used; because the kit 
is not compatible with the Peltier system, a water- 
circulating thermostatic bath was used in these 
cases. All the data were acquired with a Hewlett 
Packard HP vectra 386/25N coupled to the spec- 
trophotometer. 

Volumes ~0.1 ml were added with Eppendorf 
micropipettes. 

2.2. Reagents 

Caesium octacyanomolybdate(V) dihydrate 

v51, caesium octacyanotungstate(V) dihydrate 
[ 151 and potassium hexacyanomanganate(II1) [ 161 
were prepared according to the procedures previ- 
ously reported. 

Hexacyanomanganate( IV) solution (2 x 10 p4 
M) was obtained by fast disproportionation of 
hexacyanomanganate(II1) in 0.1 M H,SO, ac- 
cording to the procedure previously reported [l 11. 
Other cyano complex solutions (5 x lop4 M un- 
less otherwise stated) were prepared from the 
caesium or potassium salts in 0.1 M HZS04. 

Other chemicals as (potassium hexacyanofer- 
rate(II1) (Merck) and sulphuric acid (Riedel de 
Haen) were of analytical-reagent-grade and were 
used as received. Doubly-distilled water was used 
throughout. 

2.3. Procedure 

To a 1.0 cm cell 2.5 ml of 0.1 M H,SO, was 
added and the cell was left to stand for 5 min in 
the controlled temperature cell-holder of the spec- 



trophotometer (blank solution). A volume of 0.1 
ml of the cyano complex solution was added (zero 
time) and the change of absorbance with time was 
followed either at a fixed wavelength (conven- 
tional) or along a part of the UV-Visible spec- 
trum (diode array). 

3. Results and discussion 

Acidic solutions of Mo(CN)i and W(CN)z 
are stable in the dark, but Fe(CN);I and 
Mn(CN)i- undergo thermal decomposition 
[ 13,141; nevertheless, only Mn(CN)i ~ decomposes 
at an appreciable rate at room temperature (Fig. 
1). These decompositions are apparently insensi- 
tive to the light levels present in a conventional 
spectrophotometer (corresponding to the wave- 
lengths of their absorption maxima in the visible 
or near-UV regions) and therefore, the reactions 
proceed to the same extent both in the spec- 
trophotometric cell and in the dark, indicating 
that only thermal reactions take place under these 
conditions. In contrast, when the cyano com- 
plexes are placed in the cell-holder of a diode 
array spectrophotometer significant differences in 
the reaction profiles are found (Fig. 2): 
Mo(CN)i- and W(CN)i ~ now decompose at a 
noticeable rate, the reaction being autoaccelerated 

0 1000 2olxl 3G00 

t/S 

Fig. 1. Kinetic runs for the decomposition of cyan0 complexes 
in a conventional spectrophotometer: (l), Fe(lll) (422 nm): (2) 
W(V) (388 nm); (3). MO(V) (388 nm): (4). Mn(IV) (387 nm). 
H,SO,, 0.1 M. T, 40°C. 

0.0 

-1.0 

-2.0 

I x. 

0 1000 2oGQ 3ooo 

t/s 

Fig. 2. Kinetic runs for the decomposition of cyan0 complexes 
in a diode array spectrophotometer: (I), Fe(II1) (422 nm); (2). 
W(V) (388 nm): (3). MO(V) (388 nm); (4). Mn(IV) (388 nm). 
H,SO,. 0.1 M. T. 25°C. 

in both cases; the Fe(CN& decomposition is 
now perceptible and Mn(CN)z decomposes at a 
much faster rate (the initial rate increases by a 
factor of about 3.5 in the latter case). This seems 
to indicate that, in additioin to the thermal de- 
composition, a parallel photodecomposition takes 
place in the cell of the diode array spectrophoto- 
meter. For instance, the reaction profile of the 
Mn(CN)i decomposition shows an autoaccelera- 
tion behaviour clearly different from the pseudo- 
first-order kinetics shown when a conventional 
spectrophotometer is used (Fig. 1). These differ- 
ences can be attributed, therefore, to a photo- 
chemical effect caused by UV radiation of certain 
wavelengths present in the light beam of the diode 
array spectrophotometer. This is illustrated in 
Fig. 3, where the behaviour of a Mo(CN):- solu- 
tion subject to alternating periods of irradiation 
and darkness in a diode array spectrophotometer 
is shown. 

As has been remarked on in the case of 
Mn(CN)a solutions, the effect of irradiation is 
not only in terms of quantity but also in terms of 
quality. That is to say, the observed changes seem 
to affect both reaction rate and mechanism since 
the initial rate as well as the reaction propfiles 
change significantly. The autoaccelerated kinetic 
profile is a quite frequent feature of photoinitiated 
reactions, in which the absorption of a photon of 
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relatively high energy (UV region) leads to the 
formation of an electronically excited species 
which suffers subsequent reactions. These reac- 
tions can include dissociations accompanied by 
redox processes with participation of free radicals, 
which usually lead to chain mechanisms which are 
responsible for the autoacceleration kinetics. In 
these stepwise photoinduced reactions unusually 
high values of the quantum yield can be attained 
1171. 

The reaction products under the conditions of 
Fig. 2 were not completely identified in the case of 
Fe(CN)i and no attempt was made to elucidate 
the mechanism of its photodecomposition. It 
seems quite probable that free cyanogen radicals 
could be involved. In fact, it has been suggested 
that the photoinitiated aquation of hexa- 
cyanomanganate(II1) is followed by the oxidation 
of released cyanide by unchanged Fe(CN)z- [18], 
and it has been proposed that this reaction pro- 
ceeds via the formation of cyanogen radical as an 
intermediate species [19]. In the case of 
Mo(CN)a- and W(CN)i- the reaction products 
were identified as Mo(CN)i- and W(CN)i-. This 
seems to support reaction mechanisms occurring 
via OH radicals [20] instead of via CN radicals 
[21]. In the case of Mn(CN& the reaction prod- 
ucts were the same as those obtained in the ther- 
mal decomposition and so the stoichiometry of 
both the thermal and the photochemical reactions 

-1.0 * 
0 2oGo 4ooo 

t/s 

Fig. 3. Decomposition of IO-’ M Mo(CN):- in a diode array 
spectrophotometer and in the dark. H,SO,. 0.1 M. The slop- 
ing sections correspond to lighting times. 

I i. J 

0 loo0 2coo 3ooo 

t/S 

Fig. 4. Effect of filters and shutter on the photoinduced 
reduction of octacyanomolybdate (V). Curves (l)-(4) obtained 
in a diode array spectrophotometer. (I ), No filter; (2). 265 nm 
cut-off filter (at 50% T); (3). 295 nm cut-off filter (at 50’:,,1 T); 
(4). no filter but shutter active (measurements every 15 s: 
integration time, 2 s). Curve (5) obtained in a conventional 
spectrophotometer. 

should be the same: the reduction of the metal ion 
by the coordinated cyanide [14]. 

Photochemical reactions produced in a diode 
array spectrophotometer can be an important 
source of errors, especially if the sample has to be 
in the light beam for a long time (kinetic runs). 
Therefore some tentative procedures were tested 
to prevent these disadvantages: 

(1) The use of UV filters. Photochemical reac- 
tions are usually initiated by UV radiation which 
is more energetic than visible radiation, and so 
they can be prevented by the use of cut-off filters 
for the UV region. The effect of UV filters on the 
photoinduced reduction of Mo(CN)i- is shown in 
Fig. 4. The extent of the reaction is lower when a 
265 nm cut-off filter is used (curve 2) than in the 
absence of a filter (curve 1); however, a 295 nm 
cut-off filter is more efficient (curve 3) because it 
cuts off a wider wavelength region. Even so. the 
prevention of the photochemical reaction is not 
complete (with curve 5, obtained by means of a 
conventional spectrophotometer). 

(2) The use of the couple shutter-integration 
time. The reaction kinetics in a diode array spec- 
trophotometer can be monitored discontinuously 
and the signal is integrated over short, fixed time 
intervals. When undesired photochemical reac- 



tions can take place the shutter should be kept 
active (closed) whenever measurements are not 
being taken. The question is how long the shut- 
ter should be open for (integration time) in or- 
der to take reliable measurements. Obviously. 
very short integration times would not allow 
the photochemical reaction to go very far, but 
the value of the signal-to-noise ratio could be- 
come excessively low. Consequently the integra- 
tion time should be optimized as the longest 
time that still makes the photochemical reaction 
negligible. In Fig. 4, it can be seen that a mea- 
surement every 15 s with an integration time of 
2 s (curve 4) does not completely prevent the 
photochemical reduction of Mo(CN)i- but the 
result is better than the one obtained using the 
295 nm cut-off filter (curve 3). Nonetheless, if 
the instrumental conditions used in curves (3) 
and (4) are combined (filter + shutter) no ap- 
parent photochemical reaction occurs and a 
profile similar to curve 5 is found. 

4. Conclusion 

From a general point of view it can be said 
that photochemical reactions are much more 
frequently originated by the light beam of a 
diode array spectrophotometer than by that of 
a conventional one. Kinetic analysis is espe- 
cially subject to errors due to these effects. To 
avoid this drawback, some instrumental precau- 
tions can be taken, namely: UV cut-off filters, 
discontinuous measurements, use of the shutter. 
and short integration times. Though all these 
precautions can result in certain limitations (for 
instance the use of UV filters does not allow 
measurements to be taken in that region) and 
poorer precision will be obtained (fewer experi- 
mental points can be acquired, decreased signal:’ 
noise ratio, etc.), their use frequently allows 
one to take advantage of the instrumental pos- 
sibilities of diode array spectrophotometers in 
unfavourable cases. 
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Abstract 

Two new methods for the simultaneous determination of acetylsalicylic acid. acetaminophen and caffeine based on 
total absorbance measurements and their processing by multiple linear regession and partial least-squares regression 
are proposed. The concentration ranges used to construct the calibration matrix were 4.0- 12.0. 2.0- 10.0 and 0.9-6.0 
peg ml-’ for acetylsalicylic acid, acetaminophen and caffeine respectively. The proposed methods were validated by 
using a set of synthetic sample mixtures and subsequently applied to the determination of the three active principles 
in three different pharmaceutical preparations. 

Kqwords: Acetaminophen; Acetylsalicylic acid; Caffeine: Multiple linear regression; Partial least-squares; Simulta- 
neous determination 

1. Introduction 

Multideterminations of analytes that exhibit ab- 
sorbance signals in the UV-Vis region have be- 
come commonplace tasks in most analytical 
laboratories (clinical, food control, pharmaceuti- 
cal, etc.), which address them in different-but 
not always effective-ways. 

* Corresponding author 

The greatest difficulties with UWVis multide- 
termination methods arise when the analytes to be 
determined give partly or fully overlapped spec- 
tra. as is the case with the ingredients of most 
pharmaceutical preparations. As a result, the 
methods to be used in quality control analyses 
should be highly reliable as regards processing of 
calibration data and predicting the absorbance 
signals for the target analytes. The many choices 
available in this respect include univariate calibra- 

0039-9140/96/$15.00 G 1996 Elsevier Science B.V. All rights reserved 
PI1 SOO39-9140(96)0 1997-2 
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tion [ 1,2] and multivariate calibration methods 
such as multiple linear regression (MLR) [3], par- 
tial least-squares regression (PLS) [4,5], iterative 
target transformation factor analysis (ITTFA) [6] 
and evolving factor analysis (EFA) [7]. 

This paper demonstrates the high potential of 
MLR and PLS-2 calibration-prediction method- 
ologies for processing absorbance signals of drugs 
(specifically acetylsalicylic acid, acetaminophen 
and caffeine). Based on the results obtained, the 
multideterminations performed are not influenced 
by the prevailing strong spectral overlap through- 
out the absorption wavelength range. 

Acetaminophen (AAP) and caffeine (CAF) 
have previously been determined in mixtures by 
use of derivative spectrophotometry [8] and PLS 
[9]. Also, these two drugs and acetylsalicylic acid 
(ASA) have been quantified jointly by HPLC 
[ 1 O- 121 and spectrophotometry (using Kalman 
filtering) [13,14]. 

The proposed methods were validated by re- 
solving synthetic mixtures of the three drugs, 
which were also subsequently determined in the 
three most widely used pharmaceutical prepara- 
tions in Spain. 

2. Theory 

The theory and uses of multivariate calibration 
as applied to analytical chemistry are by now 
solidly established and have been the subject of 
several reviews and monographs [ 15,161, therefore 
only a brief outline of the methods used in this 
work is provided below. 

2.1. Multiple linear regression method (MULTI3), 

using several standards of the unalytes und their 
mixtures 

If absorbance measurements for several solu- 
tions containing mixtures of the analytes are made 
in numbers exceeding the number of mixture com- 
ponents, then the system composed of the ab- 
sorbance and concentration matrices will be 
overdimensioned and take the following matrix 
form: 

A=KC 

where A is the data absorbance calibration ma- 
trix, K is the matrix form which the proportional- 
ity constants are calculated from spectra for 
standard solutions of the pure analytes and/or 
their mixtures, and C is the concentration matrix. 
The C prediction concentration matrix can be 
calculated from the following equation: 

C= (K’K)- ‘K’A 

where K’ is the transpose of K and A is the 
absorbance matrix of unknown samples. Matrix K 
can be obtained in various ways. We calculated K 
values by MLR of data for mixtures of analytes 
of known composition. Mathematically, this en- 
tails solving an equation system of the following 
form at each wavelength: 

a(>, s)= e(i)+ 1 k(/i, i)c,,; Vs= 1 M,, 
i= 1 

where u is the signal for mixture s at wavelength 
2, e(n) is the independent fitting term at each /z 
value and c,; is the concentration of component i 
in mixture s. This equation can be solved by MLR 
when the number of mixtures exceeds the number 
of components. The deviation of the fit at each 
wavelength, d(i), can be calculated from: 

d(j,) = /f, b(s, 2) - &. jdl’ 

c 12,~ - n 
d(1) values are reused, after weighting (those 
wavelengths with the higher deviations are as- 
signed smaller weights than the rest), in the initial 
fitting. 

2.2. PLS method 

PLS analysis resolves matrices X and Y into the 
product of smaller matrices, namely P (the X 
loading matrix, which contains the directions of 
the principal components or axes) and T (the 
scores matrix, which includes the coordinates for 
the new axes) and Q (the Y loading matrix): 
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X=TP+E 3.3. Reagents 

Y= TQ+F 

In our case, matrix X (the absorbance matrix) 
was composed of objects as rows (1 . N) and 
variables as columns (1 . K) (the calibration 
solutions and absorption wavelengths at which 
measurements were made respectively). Matrix Y 
(the concentration matrix) consisted of the calibra- 
tion solutions as rows (1 . . . N) and the analyte 
concentrations as columns (1 . J). Finally, ma- 
trices E and F (the residual matrices) contained the 
model error and random noise respectively. 

Scheme 1 shows the calibration and prediction 
processes, where W is the so-called “loadings 
weight matrix” or “PLS weights matrix”. 

Standard solutions containing 100 ,ug ml-’ 
ASA, AAP and CAF were made by direct weigh- 
ing of the required amount of commercially avail- 
able reagent (Merck) and then dissolving in 0.1 M 
HCl. 

An HAcO/NaAcO buffer (pH 5.5; 1.0 M) was 
also prepared. 

All reagents and solvents used were of analytical 
grade and the water was doubly-distilled. 

3.4. Analysis of synthetic mixtures 

3. Experimental 

3.1. Apparatus 

Ternary mixtures of ASA, AAP and CAF were 
prepared in triplicate as follows. A 25 ml flask was 
filled with 3 ml of HAcO/NaAcO buffer at pH 5.5, 
an appropriate volume of drug solution to obtain 
final concentrations of 4.0- 12.0 pug ml -’ ASA, 
2.0-10.0 pug ml-’ AAP and 0.9-6.0 pg ml-’ 
CAF, and bidistilled water to the mark. 

Spectra were recorded on a Hewlett-Packard 
HP 8452A diode array spectrophotometer fur- 
nished with quartz cuvettes of 1 cm pathlength 
that was interfaced to a Vectra ES computer and 
a Think Jet printer, also from Hewlett-Packard. 
The spectrophotometer measures each even wave- 
length. 

Mixed spectra were recorded over the wave- 
length range 220-310 nm using a blank prepared 
in the same way as the mixtures but containing 
none of the analytes. An integration time of 1 s 
was employed in every experiment. 

3.5. Simultuneous &termination of ASA, AAP 
und CAF in pharmaceutical preparations 

A Radiometer PHM-84 digital pH-meter fur- 
nished with a combined glass-saturated calomel 
electrode was used for pH measurements. The 
meter was calibrated with at least two buffer 
solutions at pH 4.02 and 7.00. 

An ultrasonic bath was also employed. 

3.2. Computer hurdware und sojiltxclre 

Absorbance and derivative spectra were ac- 
quired and processed using the spectrophotome- 
ter’s bundled software. Additional software used 
included a MLR programme (MULT13) [17] and 
Unscrambler v. 5.0 [18] for calibration-prediction 
and experimental design. Exported data from the 
spectrophotometer were converted into MULTE 
and Unscrambler formats using the word proces- 
sor WordPerfect 5.1 for filing in ASCII format. 
All software was run on a PC/AT 486 DX2 66 
MHz computer. 

The contents of a pharmaceutical tablet or cap- 
sule, and/or 5 g of accurately weighed granules, 
were dissolved in doubly-distilled water with ultra- 
sonication for 15 min. Then, the solutions were 
filtered through a Whatman No. 41 paper and the 
filtrates transferred to 1000 ml volumetric flasks 
and made up to volume with doubly-distilled 
water. Aliquots of these solutions were used in 
such a way that the concentration of each drug 
obtained upon dilution to 25 ml lay within the 
range of the calibration matrix. The dilute solu- 
tions were analysed in quintuplicate as described 
in the previous section. 

4. Results and discussion 

Fig. 1 shows the absorption spectra for aqueous 
solutions of ASA, AAP and CAF at pH 5.5. As 
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can be seen, ASA gave two absorption maxima 
(a stronger one at 224 nm and a weaker one at 
288 nm), CAF also gave two (at 222 and 274 
nm, the intensity of the latter band is higher) 
and AAP a single maximum (at 244 nm). 

The simultaneous determination of these 
drugs in mixtures by conventional 
spectrophotometric methods is hindered by 
strong spectral overlap throughout the 
wavelength range. Such a determination could 
theoretically be facilitated by the use of a 
multivariate calibration method. 

In order to establish the optimal measurement 
conditions for the joint determination, we used 
the univariate method to investigate the effect of 
experimental variables on the absorption spectra 
for the drugs studied. 

We first checked the stability of the three 
analytes in aqueous solution. For this purpose, 
we recorded the UV absorbance spectra for 
solutions of the three drugs as a function of 
time and found that the spectra for AAP and 
CAF did not vary appreciably over a period of 
a few days provided that the solutions were 

Scheme I. 

kept at room temperature in the dark. In 
contrast, the spectrum for ASA exhibited signs 
of instability 6 h after the solution was 
prepared, even under the same experimental 
conditions used for the other two drugs. The 
instability probably arose from hydrolysis in 
solution and compelled use to use freshly made 
solutions of ASA in subsequent experiments. 

The influence of pH on the absorption 
spectrum for each drug was studied over the 
range 1.0-12.0: pH values were adjusted by 
addition of small volumes of dilute solutions of 
HCl and/or NaOH. The spectrum for ASA was 
found to be markedly affected by the pH of the 
medium: the absorbance signal increased with 
decreasing acidity as a new absorption 
maximum gradually appeared at 300 nm due to 
the hydrolysis product. In contrast, the signal 
for AAP was increased by highly acid or 
alkaline media and decreased over the pH range 
4.0-8.0, coinciding with a hypsochromic shift in 
the absorption maximum. Finally, the spectrum 
for CAF exhibited no significant changes at any 
pH. In order to avoid the potential hydrolysis 
of the drugs by too acid or too alkaline a 
medium, pH 5.5 was adopted as optimal for 
subsequent experiments. 

Of the different buffering solutions tested 
HAcO/NaAcO was found to result in signals 
coinciding with those obtained in its absence, 
and so was chosen for subsequent work. In 
order to determine the optimal buffer 
concentration, a series of experiments was 
conducted in the range 0.05-0.25 M. Such 
concentrations were found to have no effect on 
the spectra for the three drugs so an 
intermediate buffer concentration, 0.12 M, was 
adopted. 

The temperature was found to have no 
appreciable effect on the spectra of the analytes, 
so 25°C was chosen for subsequent work. 

4.1. Determination of ASA, AAP and CAF by 
MLR 

The ASA-AAP-CAF mixture was resolved 
with the aid of the programme MULTIS. The cali- 
bration matrix was constructed according to a 
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(2” + 1) experimental design. The composition of 
the calibration solution used was as follows: 

Analytejsolution 1 2 3 4 5 6 7 8 9 

ASA +++---+-- 

AAP ++-+-+---- 

CAF +-+++---- 

Level (+): ASA 12.0 pg ml ‘, AAP 10.0 pg 
ml-‘, CAF 6.0 pg ml-‘. 
Level (-): ASA 4.0 pg ml-‘, AAP 2.0 pg ml-‘, 
CAF 0.9 pug rnl~~‘. 
Level (-): ASA 8.0 lug ml- ‘, AAP 6.0 pg ml- ‘, 
CAF 3.5 fig ml-‘. 

The method was validated using eight solutions 
encompassing the concentration range of the cali- 
bration matrix. 

Wavelength (nm) 

Fig. 1. Absorption spectra of ASA (8.0 ,~g ml-‘), AAP (3.0 
,~g ml-‘) and CAF (2.0 /~g ml-‘) at pH 5.5, HAcO/NaAcO 
buffer. 

-1 

4.2. PLS 

The same mixtures were employed as calibra- 
tion matrix for applying PLS-2 using the software 
Unscrambler v.5.0. 

Fig. 2 shows the variation of the residual vari- 
ance with the number of factors used. As can be 
seen. the proposed model accounts for 100% of 
the data variance with only three factors. The first 
factor accounts for the variance of AAP. the 
second for that of CAF and the third for that of 
ASA. 

Fig. 3 shows a plot of model scores against 
analyte concentrations in each calibration solu- 
tion. As can be seen in Fig. 3a, a plot of score 2 
vs. score 1, the solutions arranged themselves 
horizontally within each group according to the 
AAP concentration (i.e. an increase in the first 
and second scores led to an increase in the con- 
centrations of AAP and CAF respectively). The 
third score (Fig. 3b) is related to the concentra- 
tion of ASA: the solutions grouped vertically 
according to its concentration, an increase in 
which increased the third score. 

The relationship between the scores and analyte 
concentrations confirms the hypothesis made in 
studying the variance of the residuals for the 
analyte solutions. 

Fig. 4 shows the model loadings, each of which 
is related to one or more of the analytes in 

100' 

Factors 

Fig. 2. Explained variance in the calibration process as a 
function of the number of factors for (&) total variance of 
data, (---) variance of AAP data, (---) variance of CAF 
data and (-) variance of ASA data. 
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0.6, 

l- ~~ 

-2 -1 0 1 2 

Score 1 

-0.4 7 

-0.6 

1 

-0.4 -0.2 0 0.2 0.4 0.6 

Score 2 

The predictive ability of a mode1 can be defined 
in different ways. The most common is probably 
the standard error of prediction (SEP), which 
compares the concentration found by the mode1 
with the added concentration, and is given by 

Fig. 3. Scores plot for the calibration set, showing the posi- 
tions of the different solutions used (see text). 

solution. The relationship is reflected in the spec- 
tral shape, which may coincide with that of one of 
the analytes or a combination of two or more. In 
our case, the first loading accounts for the vari- 
ance of AAP, the second for that of CAF and the 
third for that of ASA. Finally, including a fourth 
loading lacks chemical significance. 

SEP = 1 2 (ctdded _ cr‘ound)? 

d 

r=l 

N 
where Cpdded is the added concentration of the 
analyte, Cpund is the concentration found and N 
is the number of synthetic samples. Tables 1 and 
2 show the errors made in the resolution of differ- 
ent synthetic mixtures. 

4.3. Resolution qf‘synthrtic ~nixtures 4.4. AL’cu~u~~ md precision 

In order to test the proposed methods. a set of In order to check the goodness of the results, 
synthetic mixtures containing the three analytes in the amounts added and found in each synthetic 
variable proportions was prepared and analysed. solution were subjected to a statistical test aimed 
Table 1 shows the results obtained using MLR. at discarding systematic errors. For this purpose, 
As can be seen, the errors made never exceeded the mutual confidence region test, developed by 
3.7%. The analyte resulting in the largest errors Mandel and Linnig [19], was applied to slopes and 

Fig. 4. Loadings plot as a function of the wavelength (varl- 
ables): (---) first loading (related to AAP); (---) second 
loading (related to CAF): (-) third loading (related to’ ASA): 
(-) fourth loading (lacks chemical significance). 

was ASA, possibly because it was also that giving 
the lowest signals; the errors for the other two 
drugs were quite similar. 

The results obtained by applying PLS-2 to the 
same sample set are listed in Table 2. As can be 
seen, the errors were also quite acceptable as they 
never exceeded 3.6%. 
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Table I 
Simultaneous determination of ASA. AAP and CAF in different synthetic mixtures using the MLR prediction method 

Amount added 
kg ml-‘) 

Amount found” 
bg ml -‘I 

Error 
(‘%I) 

ASA AAP CAF ASA AAP CAF ASA AAP CAF 

10.00 7.00 5.40 9.68 7.01 5.31 -3.2 f0.1 ~ 1.7 
10.00 6.00 4.80 9.88 6.00 4.77 -1.2 0.0 -0.6 
8.00 5.00 4.50 7.80 4.98 4.51 -2.5 -0.4 +O.? 
6.00 4.00 4.20 5.78 4.01 4.18 -3.7 f0.3 -0.5 
7.00 8.00 3.00 6.87 7.91 2.99 ~ 1.9 -1.1 -0.3 
9.00 8.00 2.40 9.00 7.94 2.39 0.0 -0.8 -0.4 

I I .oo 5.00 2.40 10.61 4.97 2.37 -3.6 -0.6 -1.3 
5.00 5.50 4.80 5.04 5.38 4.76 +0.8 -2.2 -0.8 

SEP: 0.22 0.06 0.04 

” Mean values of fivre determinations 

intercepts. The test revealed the absence of sys- 
tematic errors in the determination of ASA by 
either method at a significance level of p = 0.01. 
Also. no systematic error was detected in the 
determination of AAP by MLR at p = 0.1 or by 
PLS-2 at p = 0.01. Finally, no systematic error 
was found for CAF as determined by MLR 
(JI = 0.05) or PLS-2 (p = 0.01). 

The precision of the proposed methods was 
determined by one-way ANOVA of six repli- 
cates processed on three consecutive days. 
Snedecor’s F values were all below the tabulated 
value (F= 3.68, n, = 2, jr2 = 15) so there were 

no significant differences between the results ob- 
tained in the determination of each pharmaceu- 
tical in the presence of the other two on 
different days. 

4.5. Interferences 

In order to apply these methods for the anal- 
ysis of a pharmaceutical dosage form, the influ- 
ences of commonly used excipients and tablet 
additives for these drugs were investigated. No 
interferences could be observed when up to a 
1 OO-fold excess of saccharose, glucose, cellulose, 

Table 2 
Simultaneous determination of ASA, AAP and CAF in different synthetic mixtures using PLS-2 prediction method 

Amount added 

kg ml-‘) 
Amount found” 

(a ml-‘) 

Error 
(‘Xl) 

ASA AAP CAF ASA 

10.00 7.00 5.40 9.69 
10.00 6.00 4.80 9.87 

8.00 5.00 4.50 7.80 
6.00 4.00 4.20 5.79 
7.00 8.00 3.00 6.88 
9.00 8.00 2.40 9.00 

11.00 5.00 2.40 10.61 
5.00 5.50 4.80 5.05 

AAP CAF 

6.98 5.26 
5.97 4.73 
4.97 4.49 
4.00 4.15 
7.89 2.97 
7.94 2.39 
4.95 2.34 
5.37 4.74 

ASA AAP CAF 

-3.1 -0.3 -2.6 
~ 1.3 -0.5 ~ 1.5 
-2.5 -0.6 -0.2 
-3.5 0.0 - 1.2 
- 1.7 - 1.4 - 1.0 

0.0 0.8 -0.4 
-3.6 - 1.0 -2.5 
+ 1.0 -2.4 -1.3 

SEP: 0.21 0.07 0.06 

* Mean values of live determinations 
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The results of standard additions method applied to commercial pharmaceutical determinations’ 

Pharmaceutical 
preparation 

Amount from Amount Recovery i SD’ 
pharmaceuticalh found 
(mg ml-‘) (mg ml -. ‘) 

ASA AAP CAF ASA AAP CAF ASA AAP CAF 

MLR method 
Fiorinal Sandor oral 20.0 30.0 4.0 42.3 59. I 7.7 1061 I 98.5 * 0.8 96 & 2 
Cerebrino Mandri 25.0 20.0 2.0 53.9 43.2 4.1 loo+2 1081 I 102* I 
Neocibalena 20.0 15.0 5.0 37.1 31.2 I I.4 94 f 2 IO422 114+ I 

PLS method 
Fiorinal Sandoz oral 20.0 30.0 4.0 41.3 58.8 7.8 103.3 f 0.8 98 5 1 97.5 f 0.8 
Cerebrino Mandri 25.0 20.0 2.0 52.8 40.8 4.1 105.6 k 0.9 102* I 103ll 
Neocibalena 20.0 15.0 5.0 41.1 32.0 IO.9 102.8 k 0.6 106.7 * 0.9 l09& I 

‘I The amount added was equal to the declared content of the pharmaceutical preparations. 
b Obtained by dilution of commercial preparations. 
’ Mean of five determinations. 

lactose or starch was added to the synthetic mix- patients with rheumatic or neuralgic pain (with or 
tures to be analysed, for either of the methods. without concomitant fever). 

Concerning the degradation products of the 
drugs, salicylic acid is the major degradation 
product interference, probably as a result of ASA 
hydrolysis into salicylic acid and acetic acid, but 
this effect is observed 10 h after the ASA solution 
was prepared. In order to avoid the hydrolysis of 
ASA, all experiments were made using fresh solu- 
tions. 

4.6. Applications 

The proposed methods were used to determine 
the three drugs in various pharmaceutical prepa- 
rations: Fiorinal Sandoz Oral (capsules), Cere- 
brino Mandri (granules) and Neocibalena 
(tablets). These preparations are administered to 

The impurities and degradation products which 
may be encountered in pharmaceutical dosages, 
besides ASA, are: acetylsalicylic anhydride 
(0.001220.024%) and acetylsalicylsalicylic acid 
(0.03-O. 1%); acetaminophen, p-aminophenol (3 
0.025%), p-chloroacetanilide (I 10 ppm), o-acety- 
lacetaminophen (1.1 - 1.3%). inorganic chloride 
( 3 0.0140/o), inorganic sulfate (0.02%) and water 
( 30.5). None of these impurities are in quantities 
to be of significant interference in the determina- 
tion of the drugs. Moreover, the pharmacopeia 
limits for these drugs in the pharmaceutical 
preparations are between 90 and 110%. 

Recovery studies of standard additions to com- 
mercial pharmaceuticals were also carried out to 
provide further support for the validity of the 

Table 4 
Simultaneous determination of ASA. AAP and CAF in pharmaceutical preparations using the MLR prediction method 

Pharmaceutical 
preparations 

Fiorinal Sandoz oral 
Cerebrino Mandri 
Neocibalena 

Label claim (mg) 

ASA AAP 

200 300 
250 ‘00 
200 150 

CAF 

40 
20 
50 

Amount found (mg)’ Error (%) 

ASA AAP CAF AAP AAP CAF 
.- 

201.5 289.1 39.7 +0.8 -3.6 PO.8 
280.8 203.3 21.0 + 12.3 - 1.7 + 5.0 
190.3 153.0 52.5 -4.9 -2.0 + 5.0 

* Mean \,alues of five determinations. 



Table 5 

Simultaneous determination of ASA, AAP and CAF in pharmaceutical preparations using the PLS-2 prediction method 

Pharmaceutical 

preparations 

Label claim (mg) 

ASA AAP CAF 

Amount found (mg)~’ Error (XI) 

ASA AAP C.4F ASA A.4P CAF 

Fiorinal Sandoz oral 200 300 40 201.8 288.8 39.1 +0.9 -3.7 -2.3 

Cerebrino Mandri 250 200 20 280.8 '03.3 21.0 fl2.3 - 1.7 +5.0 

Neocibalena 200 150 50 203.4 150.9 54.3 + 1.7 +0.6 +8.6 

Cl Mean values of five determinations 

proposed methods. The related data are given in 
Table 3; the mean percentage recoveries and 
their standard deviations. The results also 
confirm the precision and validity of the pro- 
posed methods. 

Tables 4 and 5 show the results obtained in 
the simultaneous determination of the three 
drugs in the above-mentioned pharmaceutical 
preparations using MLR and PLS-2. As can be 
seen, all were consistent with the manufacturer’s 
certified contents and the results are with the 
limits allowed by the Spanish Pharmacopeia. 

5. Conclusions 

Based on the results obtained in this work, 
application of multivariate calibration to the ab- 
sorbance signals produced by drugs during their 
simultaneous determination in pharmaceutical 
preparations is an effective means for quality 
control of their manufacture. The ensuring 
methods are simple, precise and affordable; also, 
they require no complex pretreatment or chro- 
matographic separation of the samples contain- 
ing the active principles to the determined. 
Overall, they make a viable alternative to exist- 
ing analytical methods for routine analyses. 
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Abstract 

A method for rapid extraction and determination of some crown ethers in aqueous matrices using octadecyl- 
bonded silica membrane disks and gas chromatography is presented. Extraction efficiency and the influence of 
vacuum pressure. pH, and type and least amount of eluting solvent used to extract the crown ethers from the 
membrane disks were evaluated. Extraction efficiencies > 9.5% were obtained for benzo-I 5-crown-5. benzo- 1 s-crown- 
6 and dicyclohexyl-l8-crown-6 using 5 ml of acetonitrile as eluting solvent. The limit of detection of the proposed 
method for the determination of the crown ethers is reported. 

Kqwoud~: Crown ethers: Gas chromatography: Membrane disk; Solid-phase extraction 

1. Introduction 

Macrocylic crown ethers. first synthesized by 
Pedersen [l], have been extensively used to selec- 
tively separate metal ions from their mixtures by 
solvent extraction [2L8] or by liquid membranes 
[9- 151. However, bleeding of crown ethers from 
the organic phase of the liquid membranes or 
solvent extraction systems, even at low levels: into 
the aqueous phases [14.16] causes complications 
in the separation process. 

The problem of crown bleeding can be over- 
come by covalently attaching the macrocylces to 

* Corresponding author. 

silica gel [17,1X] or by using polycrown ethers 
[ 19,201. Moreover, the precipitates of crown ethers 
with phosphomolybdic acid and phosphotungstic 
acid [21] and the coating of macrocyclic ligands 
on hydrophobic silica gel [7] have also been used 
to reduce the leaching of crown ethers during 
separation processes. However, even in these 
cases, crown ether bleeding can occur to some 
extent when aqueous samples containing metal 
ion or mineral acids as stripping agents are passed 
through the separation columns. Thus, to evaluate 
the efficient age of the columns, the development 
of methods for preconcentration and determina- 
tion of low levels of crown ether bleeding into 
aqueous phases is of great importance. 

0039-9140s’96/$15.00 ic) 1996 Elsevier Science B.V. All rights reserved 
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The use of classical methods of extraction for 
this purpose are usually time-consuming, labor-in- 
tensive and require large amounts of high purity 
solvents for extraction. Nevertheless, it is possible 
to extract the components of interest in the 
aqueous samples with minimal usage of organic 
solvents by means of solid-phase extraction (SPE) 
techniques [22]. In this method, the aqueous sam- 
ple first passes through a cartridge or tube con- 
taining an adsorbent that retains the analytes. 
Then the analytes are eluted from the adsorbent 
using a minimal amount of a suitable organic 
solvent. The main limitation of the SPE cartridges 
and tubes is the tendency for fine particulates to 
plug the frits holding the adsorbent in place. 
However, this problem can be overcome by using 
flat disks with high cross-sectional area (SPE 
disks). The decreased back pressure encountered 
with the SPE disks makes much higher flow rates 
possible, and their wide bed decreases the chance 
of plugging. Recently, the SPE disks have been 
utilized for the extraction and determination of 
many different environmental matrices, such as 
pesticides, linear alkylbenzenesulfonates, polyaro- 
matic hydrocarbons, etc. [23-301. 

The aim of this work was the development of a 
rapid and efficient method for the extraction and 
determination of low levels of some crown ethers 
in aqueous media using a membrane disk and gas 
chromatography. Different experimental condi- 
tions, e.g. the type of eluting solvent, the effect of 
pH, the effect of vacuum pressure on extraction 
time and efficiency and the minimum amount of 
eluting solvent necessary to wash the disk, have 
been studied. 

2. Experimental 

2.1. Reagents 

HPLC-grade methanol, acetonitrile, ethylac- 
etate and dichloromethane (all from Aldrich) were 
used without any further purification. Reagent- 
grade 12-crown-4, 15crown-5 (1 X5), benzo-15- 
crown-5 (Bl SCS), 1 s-crown-6 (18C6), benzo-18 
-crown-6 (Bl8C6) and dicyclohexyl-1%crown-6 
(DCl8C6) were of the highest purity available 

from Merck and were used as received. Standard 
solutions of crown ethers were prepared by dilu- 
tion of different volumes of their 1000 ppm solu- 
tions to 500 ml with deionized water. 

2.2. Sample extruction 

Extractions were performed with 47 mm diame- 
ter x 0.5 thickness Empore membrane disks con- 
taining octadecyl-bonded silica (8 pm particles, 60 
A pore size) from J.T. Baker. The typical compo- 
sition of the disks was 90% w/w octadecyl-bonded 
silica and 10% w/w PTFE fibers. The disks were 
used in conjunction with a standard Millipore 47 
mm filtration apparatus. 

Before extraction, each membrane was washed 
with 10 ml of eluting solvent to remove all con- 
taminants arising from the manufacturing process 
and from the environment. After placing the 
membrane in the filtration apparatus and drawing 
air through the disk for several min, 10 ml of 
methanol was introduced into the reservoir of the 
apparatus and drawn slowly through the disk by 
applying a slight vacuum until a thin layer of 
methanol was left on the surface of the disk. 
Finally, a 10 ml portion of deionized water was 
used to rinse methanol. This step pre-wets the 
surface of the disk prior to extraction of crown 
ethers from water. 

Immediately after completion of the washing 
process, 500 ml of water containing 2 mg of each 
crown ether was passed through the disk for 
about lo-22 min by applying a suitable vacuum. 
After drawing the aqueous sample through the 
disk, the vacuum was applied for an additional 5 
min to remove the residual water from the disk. It 
is important to note that the surface of disk was 
not allowed to dry from the time the methanol 
was added until the extraction of crowns from 
water was completed. 

After complete drying of the disk, the extrac- 
tion funnel was transported to a second vacuum 
filtration flask containing a 25 mm x 200 mm test 
tube and the extracted crowns were eluted into the 
test tube by application of the eluting solvent. 
Then, the extract was completely transferred into 
a graduated cylinder and the solvent was evapo- 
rated to a final volume of 2 ml. 1 ~1 of this 
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solution was then injected onto the gas chro- 
matograph. To demonstrate the efficiency of ex- 
traction of the membrane disk, the same 
concentration of crown ethers was prepared in 2 
ml of the eluting solvent and a 1 ~1 portion of it 
was injected onto the gas chromatograph. 

2.3. Appuratus 

Gas chromatography was performed with a 
Philips Scientific model 44 10 chromatograph 
equipped with a flame ionization detector and 
split/splitless injection, and fitted with a 25 m x 
0.25 mm i.d. fused silica column coated with an 
immobilized film of BP-5. Nitrogen was used as 
the carrier gas at a flow rate of 1.5 ml min ~ ‘. The 
injector and detector temperatures were 320°C 
and 300°C respectively. The oven temperature 
was 100°C for 0.5 min after injection and was 
then programmed at a rate of 20°C min’ up to 
300°C where it was held for 5 min. The split ratio 
was 1:14. The pH measurements were carried out 
with a Metrohm pH-meter using a combined glass 
electrode. 

3. Results and discussion 

In this work octadecyl-bonded silica was evalu- 
ated for the extraction of crown ethers from their 
water samples. Deionized water spiked with low 
concentrations of crown ethers (4 mg l- ‘) was 
extracted using membrane disks and the results 
obtained were compared with those from direct 
measurement of concentrated crown ethers using 
GC. Fig. 1 shows GC-flame ionization detection 
(FID) analysis of a crown ether mixture contain- 
ing 12C4, 1X5, B15C5, 18C6, B18C6 and 
DC18C6, after membrane disk extraction and elu- 
tion by acetonitrile. The elution order of the 
crowns used is the order of increasing molecular 
weight. 

The membrane disk construction is similar to 
that of a reversed-phase column with a large 
diameter and short length. The use of smaller 
particles (8 pm, 60 A pore diameter) and uniform 
packing in the disk results in a reasonable flow 
without excessive back pressure. The retention 
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mechanism of the SPE disk is based on the same 
sorption-desorption phenomena as in reversed- 
phase LC. In fact, the capacity factor determines 
whether a given compound can be quantitatively 
retained by the hydrophobic disk in an aqueous 
mobile phase, and whether it can be quantitatively 
eluted by an organic solvent. Also, as with LC 
columns, the efficiency of the extraction by mem- 
brane disks is a function of the particulate pack- 
ing density and the linear velocity of the mobile 
phase through the stationary phase. 

Table 1 illustrates the recovery data obtained 
for different crown ethers in water at a concentra- 
tion of 4 mg 1 .- ’ using 10 ml of various eluting 
solvents. As can be seen, the capacity factor for 
12C4 is almost zero and the amount of crown 
retained on the disk is negligible. 15C.5 and 18C6 
are retained on the disk very loosely and are easily 
washed off with water. However, for BlX5, 
BI 8C6 and DC1 8C6, due to their high lipophilic 

10.0 
mV 

4 

i 

‘i- 

I”“l”““fill 
5 10 15 

min 
Fig. 1. GCFID chromatogram obtained for 4 mg 1-I 
aqueous solutions of the crown ethers used after following the 
proposed procedure: (1) solvent; (2) 15C5: (3) 18C6; (4) 
Bl5C5; (5) Bl8C6; (6) DClK6. Conditions: initial volume of 
aqueous solution, 500 ml; volume of acetonitrile, 10 ml; final 
volume of the eluted solution, 1 ml; injection volume, 1 jll 
split; oven temperature, 100°C for 0.5 min after injection, then 
programmed at 20°C min ’ to 300°C which was held for 5 
min. 
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Table 1 
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Percent recovery of crown ethers from membrane disk using IO ml of different solvents at pH 6.8 and a vacuum pressure of 510 
mmHg 

Crown ether Solvent 

Methanol Acetonitrile Ethylacetate Dichloromethane 

12C4 0 
l5C5 4.2( l.IY’ 
l8C6 16.6( 6.0) 
Bl K-5 72.4( 12.4) 
BlSC6 90.7( 1.8) 
DClW6 92.0( 2.5) 

* ‘%IRSD based on three replicate analyses. 

0 0 0 
4.4(5.7) 4.5( 16.0) 5.2(6.5) 

19.5(5.8) l2.9( 8.9) 15.9(5.0) 
96.8(0.2) 84.0( 7.4) 87X(3.7) 
98.6(4.8) 90.4( 2.3) 91.8(4.5) 

lOl.3(5.7) 98.3( 4.0) 99.0(2.8) 

character. the k’ values are high and they are 
retained by the membrane disk very tightly. The 
data given in Table 1 represent the influence of 
the properties of the eluting solvent on the re- 
covery of crown ethers. It is seen that, among 
the four different organic solvents used, acetoni- 
trile possesses the highest elution efficiency. It is 
noteworthy that, since the injector and detector 
temperatures were quite high and the initial 
column temperature (i.e. 100°C) was also much 
higher than the boiling point of acetonitrile, the 
use of acetonitrile as the eluting solvent resulted 
in no practical problem in CC measurements. 

a flow rate of 187.4 ml min- ‘; thus, the opti- 
mum time for the extraction of crown ethers will 
be some 3 min. Obviously, for longer periods of 
time, the efficiency of extraction (and also the 
percentage recovery) is expected to be affected 
by the vacuum pressure only slightly. 

The influence of vacuum pressure (flow rate) 
on the percentage recoveries of the crown ethers 
used was studied in the range 560&710 mmHg. 
It was found that there is no recognizable corre- 
lation between flow rate and percentage recover- 
ies of 2 mg of crown ether from 500 ml of 
deionized water. Similar results have been re- 
ported before [23,27,31]. 

It is well known that the packing density and 
linear velocity through membranes are two im- 
portant factors in determining the effectiveness 
of reversed-phase interactions. An LC column of 
4.6 mm i.d. at a flow rate of 1.5 ml min’ 
possesses a linear velocity of 0.15 cm s ~ ’ [23]. 
An SPE cartridge of 10.0 mm i.d. when used to 
process 1000 ml of water in 2 h. as recom- 
mended in the EPA Method 525 [32]. has ap- 
proximately the same linear velocity of 0.18 cm 
S ~ ‘. The 47 mm i.d. EPA disk used in this 
study under a linear velocity of 0.18 cm s ~ ’ has 

In order to investigate the effect of pH on the 
SPE of crown ethers, the pH of aqueous sam- 
ples was varied from 3 to 7, using perchloric 
acid. and the recommended procedure was fol- 
lowed at a vacuum pressure of 510 mmHg using 
10 ml of acetonitrile as eluting solvent. It was 
found that, especially for more lipophilic crown 
ethers, the percentage recovery is nearly indepen- 
dent of pH. It is interesting to note that a simi- 
lar pH effect has already been reported for the 
solvent extraction separation of different metal 
ions with crown ethers [4,33]. The results indi- 
cate that due to the negligible degree of proto- 
nation of crown ethers, their lipophilicity will 
remain unaffected by the existence of protons in 
solutions, even at an acid concentration of 10F3 
M. 

The least amount of acetonitrile necessary for 
the quantitative elution of crown ethers from the 
disk was studied and the results are given in 
Table 2. It is seen that 5.0 ml of acetonitrile 
seems to be adequate for the complete elution of 
crown ethers from the membrane disk. Under 
such conditions a pre-concentration factor of 
100 will be obtained in transferring the crown 
ethers from the initial aqueous phase into the 
acetonitrile as eluting solvent. 



Table 2 110x. 
Percent recovery of crown ethers from membrane disk using 
different volumes of acetonitrile at pH 6.8 and 510 mmHg 

Crown 
ether 

Volume of acetonitrile (ml) 

B.S. Mohite and SM. Khopkar. Talanta. 32 (1985) 565. 
H. Koshima and H. Onishi, Analyst, I I1 (1986) 1261. 
Y.Y. Vin and S.M. Khophar, Ind. J. Chem., 24A (1988) 
458. 

2.5 5.0 1.5 10.0 

l5C5 I .3(3.0) I .4(0.5) 3.3(0.8) 4.4(5.7) 
I SC6 6.5(4.1) 9.7(6.0) 16.0(1.4) 19.5(5.8) 
Bl5C5 71.4(1.6) 95.Iq5.0) 95.3(2.1) 96.8(0.2) 
Bl8C6 74.3(2.9) 104.7(4.1) 102.7(0.8) 9X6(4.8) 
DClSC6 79.9(4.5) 103.4(4. I ) lOl.5(2.3) 101.3(5.7) 

141 
PI 
[61 

[71 

PI 

[91 

B.S. Mohite, C.D. Jadage and S.R. Pratap, Analyst, 115 
(1990) 1367. 
E.P. Horwitz, M.L. Dietz and D.E. Fisher. Anal. Chem., 
63 (1991) 552. 
M. Dozol. in C. Cecille. M. Casarci and L. Pietrelli, 
(eds.), New Separation Chemistry Techniques for Ra- 
dioactive Waste and other Specific Applications, Elsevier, 
New York, 1991. 

The limit of detection (LOD) of the proposed 
method for the determination of crown ethers 
with quantitative extraction efficiencies (i.e. 
B15C5, B18C6 and DC18C6) was studied under 
the optimal experimental conditions discussed. 
The LOD values obtained for B15C. Bl8C6 and 
DC18C6 are 0.07, 0.17 and 0.29 ,~ug ml ’ respec- 
tively. It is interesting to note, however: that by 
using a 100 ~1 portion of the samples and a 4 min 
delay after injection (instead of 0.5 min) the LOD 
could be easily reduced to a part per billion level. 

[]Ol 

[I II 

[I21 

[I?1 

[I41 

[I51 

[I61 

[I71 

R.M. Izatt, G.A. Clark, J.S. Bradshaw. J.D. Lamb and 
J.J. Christensen, Sep. Purif. Methods. I5 (1986) 21. 
R.M. Izatt. R.L. Bruening. W. Geng, M.H. Cho and J.J. 
Christensen. Anal. Chem., 59 (1987) 2405. 
T. Delloye, M. Burgard and M.J.F. Leroy. New J. Chem., 
13 (1989) 139. 
H. Parham and M. Shamsipur, J. Membr. Sci.. 86 (1994) 
29. 
H. Parham and M. Shamstpur. J. Membr. Sci., 95 (1994) 
21. 

The results of this study demonstrate that the 
SPE using a membrane disk produces acceptable 
precision and accuracy data for the lipophilic 
crown compounds. This extraction-GC technique 
provided advantages in terms of analysis time. 
solvent use and solvent disposal. The basis of 
extraction is similar to reverse-phase LC. The 
capacity factor is very small for the more hy- 
drophilic macrocycles 12C4. 15C5 and 18C6 so 
that these compounds could not be retained com- 
pletely by the disk. In contrast, the more 
lipophilic crowns B15C5. Bl SC6 and DC18C6 
with high capacity factors were retained com- 
pletely by the disk. Finally. 5 ml of acetonitrile is 
enough for complete elution of the crown ethers 
B15C5, Bl SC6 and DC18C6 from the membrane 
disk. These crown ethers could be determined at 
sub microgram per milliliter levels. 

[I81 

[l91 

WI 

PII 

WI 
[73] 

P41 

M. Akhond and M. Shamsipur, Sep. Sci. Technol.. 30 
(1995) 3061. 
L.F. Lindoy and D.S. Baldwin, Pure Appl. Chem., 61 
(1989) 909. 
J.S. Bradshaw. K.E. Karakowiak, B.J. Tarbet. R.L. 
Bruening, J.F. Biernat, M. Bochenska, R.M. Izatt and 
J.J. Christensen, Pure Appl. Chem., 61 (1989) 1619. 
S.L. Da, W.G. Wu, Y.F. Wen. H.L. Da and Z.H. Weng, 
Anal. Chim. Acta. 299 (1994) 239. 
B.S. Mohite. J.M. Patil and D.N. Zambare, Talanta, 40 
(1993) 1511. 
B.S. Mohite. D.N. Zambare and B.E. Mahadik, Analyst, 
119 (1994) 2033. 
D.L. Tzeng. J.S. Shih and Y.C. Yeh, Analyst. 112 (1987) 
1413. 
R. Majors, LCGC. 4 (1989) 972. 
D.F. Hagen, C.G. Markell, G.A. Schmitt and D.D. 
Blevins, Anal. Chim. Acta, 236 (1990) 157. 
E.R. Brouwer. H. Lingeman and U.A. Th. Brinkman, 
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Abstract 

By means of spectrophotometric methods it was found that ofloxacin reacts with copper(H) ions to form complexes 
with molar ratios of ofloxacin: Cu(II) of I:1 at pH 4.00, 2:l at pH 7.02 and 3:l at pH 8.30. The stability constants 
of the complexes were determined. The formation of ofloxacin:Cu(II) 1:l and 3: 1 complexes was confirmed by a 
polarographic method and the corresponding overall stability constant was evaluated. 

Kqwora’s: Cu(II)-Ofloxacin complexes: Polarography: Spectrophotometry; Stability constants 

1. Introduction 

Ofloxacin, [9-fluoro-2,3-dihydro-3-methyl-10-(4- 
methyl-l -piperazinyl)-7-oxo-7H-pyrido-[ 1,2,3-l&]- 
1,4-benzoxazine-6-carboxylic acid], is one of the 
4-quinolone synthetic antibiotics (Fig. 1). As can 
be seen, ofloxacin possesses two relevant ionizable 
functional groups: a basic piperazinyl group in the 
4’-position (p&, = 8.22 [1] and 7.90 [2]) and a 
carboxylic acid group in the 6-position (pK,,, = 
6.05 [I] and 5.70 [2]). Ofloxacin belongs to the 
quinolone class of broad spectrum antibiotics de- 
veloped during the last decade [3]. Quinolones are 
active against many gram-positive and gram- 
negative bacteria [4&6]. All quinolones possess a 
carboxylic acid moiety and the carbonyl group 
required for antimicrobial activity that is also 

* Corresponding author. 

thought to be a site of chelation interaction with 
various cations. A potential problem with the 
increasing use of quinolone-type antibiotics for 
treatment of systematic illness is the chelation 
and interaction of these compounds by several 
cations [7]. One outcome of these potential inter- 
actions could be a reduction in the bioavailability 
and effectiveness of quinolone compounds. This 
is especially emphasized when these drugs are 
co-administered with antacids or with vitamin 
preparations. 

Quinolones also effect trace metal metabolism, 
being potent inhibitors of some copper- and zinc- 
dependent enzymes [S]. For this reason the com- 
plexing ability of these ligands with some essential 
bioelements in serum (Fe(II1). Cu(I1) etc.), as well 
as with Al(II1) and Mg(I1) ions in antacids is of 
special interest. The complexation of lomefloxacin 
with Al(III), Ca(I1). Mg(II), Bi(III) and Fe(II1) 
ions commonly found in antacid or vitamin 

0039-9140/96;$15.00 8 1996 Elsevier Science B.V. All rights reserved 
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Fig. I. Structures of selected quinolones. 

preparations was studied [9]. Two complexes, pro- 
posed to have stoichiometries of 2: 1 and 3: 1 (drug 
to metal), were observed. The metal complexes of 
cinoxacin with Ni(I1) and Zn(II) ions were synthe- 
sized and isolated [lo]. The crystal and molecular 
structures of the complexes were determined by 

X-ray structure analysis. It was shown that two 
cinoxinate ligands bind metal ions through one 
carboxylate oxygen atom and the exocyclic car- 
bony1 oxygen atom. The complexation of two 
model compounds, lomefloxacin and norfloxacin, 
with Al(III) ions was studied using NMR [ll]. 
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Two complexes, proposed to have stoichiometries 
of 2:l and 3:l (drug:metal), were observed. 

The reactions of ciprofloxacin and ofloxacin 
with Al(III), Mg(II), Ca(I1) and Fe(II) ions in 
aqueous medium were studied using different 
spectroscopic techniques [ 121. Formation con- 
stants of the I:1 Fe(II1) complexes of ciproflox- 
acin. enoxacin and ofloxacin [13] were determined 
by spectrophotometry. The optimum pH for com- 
plexation was found to be 3.8. The stability con- 
stant of the Oflx-Fe(II1) complex was found to 
be log p, = 6.98. The stability constants of 
lomefloxacin with AI(III), Ca(II), Mg(II), Mn(II), 
Fe(II), Co(II), Ni(II), Zn(I1) and Cu(I1) ions were 
determined by potentiometry [14]. Three com- 
plexes, with drug:metal molar ratios of l:l, 2:l 
and 3: 1, were found in all cases except Ca(I1) and 
Fe(II), where the formation of only I:1 complexes 
was established. The stability constants for 
Cu(II)-lomefloxacin complexes were: log b, = 
6.16, log pz = 10.96 and log b3 = 13.41. The same 
authors reported the stability constants for 
ofloxacin complexes of Ca(I1). log p, = 2.12: 
Mg(II), log p, = 2.82, log /j2 = 5.48; and Al(III), 
log B1 = 7.13, log p2 = 12.53 and log bi = 17.87. 
No literature date were found for Cu(II)- 
ofloxacin complexes. 

In this work the equilibria of ofloxacin-Cu(I1) 
complexes were studied by applying spectrophoto- 
metric and polarographic methods. 

2. Experimental 

2.1. Apparatus 

The following equipment was used: a PHM-62 
Radiometer (Denmark) pH-meter with combined 
GK 2401B electrode, a UVVis Varian Super 
Scan 3 spectrophotometer with 1 cm quartz cells 
and a PAR-174A polarograph connected to a 
three-electrode cell (dropping mercury electrode. 
DME, saturated calomel electrode, SCE and Pt 
auxilary electrode). Differential-pulse polarogra- 
phy (DPP) was performed under the following 
conditions: forced drop time, 2 s: modulation 
amplitude, 25 mV; scan rate 2 mV s - ‘; and 
mercury column height, 81 cm. 

2.2. Reagents 

All chemicals were of analytical-reagent grade 
and demineralized distilled water was used 
throughout. Ofloxacin working standard and 
Visiren tablets were from Jugoremedija (Zren- 
janin, Yugoslavia). Cu(NO,),, NaOH and NaNO, 
were p.a. grade (Merck). 

2.3. Ojloxucin (OJx) stock uqueous .solution 

A 4 x 10 p3 M solution was prepared by dis- 
solving the appropriate amount of ofloxacin stan- 
dard in demineralized water. lo- ’ M Cu(NO,), 
stock solution was standardized by a complexo- 
metric method. BrittonRobinson buffer [I 51 
(0.08 M) was used for investigations in the pH 
range 4.02-10.02. 2 M NaNO, solution was used 
to maintain constant ionic strength. 

2.4. Procedure jbr culihration graph 

Oflx solution, 2 x 10 ’ M (0.2552.5 ml), 
Cu(NO& solution, 2 x lo-” M (0.5 ml), and 
Britton-Robinson buffer pH 4.5 (5 ml) were 
pipetted into a 10 ml volumetric flask. After addi- 
tion of 1 ml of 2 M sodium nitrate solution, the 
reaction mixture was diluted to 10 ml with water. 
The solution was mixed and the absorbance was 
measured at a wavelength of 360 nm against Oflx 
as the reagent blank. All measurements were per- 
formed at room temperature (25 f 0.5”C). 

2.5. Procedure for determinution of’ oj!x in 
pharmaceutical formulutions 

Sample amounts equivalent to the average 
weight of one 200 mg tablet of Oflx were weighted 
from a combined amount of 10 Visiren tablets. 
This procedure was used to compensate for any 
variation in the weights of individual tablets. Each 
sample was transferred with water to a 500 ml 
volumetric flask to make the final concentration 
of the solution approximately the same as that of 
the standard stock solution. An aliquot of the 
tablet sample was used in the same procedure as 
that described in Section 2.4. 
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3. Results and discussion 

3. I. Absorption spectra 

The reaction of Oflx with Cu(I1) ion was inves- 
tigated over the pH range 4.02- 10.02 in Britton- 
Robinson buffer. The spectra were recorded at 
350-450 nm. Since Cu(II) ion had no absorbance 
in this wavelength range and Oflx showed a high 
absorbance value with a i,,,, value of 330 nm 
(Fig. 2, curve 14), the spectra denoted l-13 are 
due to the formation of a complex between Oflx 
and the Cu(I1) ion. 

3.2. Ejfect of pH 

The absorption spectra of a mixture of 6 x 10 -4 
M Oflx and 1 x 10 ~ 4 M Cu(II) solutions were 
recorded at constant ionic strength, I = 0.2 M, and 
are shown in Fig. 2 (curves 1 - 13). On increasing 
the pH of the solution from 4.00 to 8.50 the peak 
corresponding to the maximum of the complex 

A 

0.6- \ 

OX 

0.2 

I 
350 LOO L50nm 

Fig. 2. Absorption spectra of the system Oflx-Cu(II) at differ- 
ent pH values: (1) 4.02. (2) 4.50, (3) 5.00, (4) 5.52, (5) 6.01, (6) 
6.50, (7) 7.02, (8) 7.53. (9) 8.00, (IO) 8.50, (II) 9.00. (12) 9.52, 
(13) 10.02, (14) absorption spectrum of 6 x IO-” M Oflx. 

01 03 0.5 0.7 01 0.3 05 07 CCUUII 

ccu~lIi+cof~ 

Fig. 3. Job’s curves of equimolar solution at pH 7.02 (a), 8.30 
(b) and 4.00 (c). CcU(,,, + Co,, = 4 x 10W4 M (a.b): C&,,, + 
c onx = 6 x IO-’ M (c). 

absorbance underwent a slight bathochromic shift 
(360 + 366 nm). The complex was found to exhibit 
a maximum absorbance in the pH range 4.00-5.52 
(i,,,, = 360 nm), 6.01-7.53 (A,,,,, = 363 nm) and 
8.00-9.00 (&,,, = 365 nm). Further increase in the 
pH to pH 9.00 resulted in a slight decrease in the 
absorbance of the complex. At pH > 9.00, a 
pronounced decrease in the absorbance of the 
complex can be observed due to the hydrolytic 
processes (curves 12 and 13). The spectra obtained 
in the investigated pH range show that more than 
one complex species is formed in the solution. 

Further investigations were performed at the 
pHs where &,,, was constant, i.e. pH 4.00, 7.02 
and 8.30. 

3.3. Composition qf the compleres 

Job’s method [16] of equimolar solution showed 
that 1:1, 2:l and 3:l Oflx:Cu(lI) complexes were 
formed at pH 4.00, 7.02 and 8.30 respectively 
(Fig. 3a, 3b and 3c respectively). The Bent- 
French method [17] was used to find the number 
of Cu(I1) ions in the complex. It was found that 
one Cu(I1) ion participates in the formation of the 
complexes (the slope of - log A versus - log 
Cu(I1) ion was 0.94). 



Table 1 
Stability constants of Oflx -Cu(Il) complexes obtained by different methods (I = 0.2 M. Britton-Robinson buffer. room tempera- 
ture) 

Method pH 4.00 pH 7.02 pH 8.30 

log /ii log Ii I 

Sommer and Tsin-Jao [IQ’ 4. I5 6.34 i 0.07 
Asmus [I91 4.35 6.54 i 0.06 
Lingane [21]’ (pokrography) 
Leden [22]’ (polarography) 4.23 6.42 & 0.09 

“Mean value of three determinations. 
“Mean value of live determinations. 

The relative stability constants of the complexes 
were calculated according to the methods of Som- 
mer and Tsin-Jao [18] and Asmus [ 191 and are 
presented in Table 1. Taking into account the 
following equilibria: 

MfL =ML (1) 

PI = W-l/M[LI (1’) 
HL+H+L (2) 

&.I = WI[UiWl (2’) 

where equilibrium (1) denotes the reaction of 
complex formation and (2) the reaction of ligand 
dissociation, the stability constant obtained under 
experimental conditions will be a conditional one 
and can be defined as 

fi; = [ML]:‘[M][HL] (3) 

As Oflx is a weak acid, the concentration of L 
(according to equilibrium (2)) is strongly influ- 
enced by pH due to the protonation of the ligand. 
For this reason the real stability constant /I, can 
be calculated using the following equation [20]: 

B, = P’,Cl + [H+lIK,.,) (4) 

where [H ‘1 represents the hydrogen ion concen- 
tration (calculated from the activity at I = 0.2 M) 
and K,,, = 8.91 x 10 ’ is the first ionisation con- 
stant of Oflx [l]. As can be seen, the values of the 
stability constants obtained by different methods 
are in good agreement. 

log /I> log /iI log Pi log/i, 

9.68 IO.31 * 0.05 15.90 15.90 * 0.07 
9.80 10.44 _+ 0.04 16.20 16.20 +0.07 

16.30 16.3O~O.lO 

3.5. Pohrogrqhic itwestigutions of’ the 
ofix- Cll(II) conlp/lJs 

The peaks for Oflx (EP = - 1.41 V, curve l), 
Cu(II) ion (E, = - 0.06 V, curve 2) and Oflx- 
Cu(II) mixture (E,, = - 0.29 V. curve 3) obtained 
under the same experimental conditions of pH 
7.50 (BrittonRobinson buffer, I= 0.2 M), are 

(,k 

2 

3 

~ 

ov 

.EjJA 
I 

:’ 
ov 

-IV 

-E(V) 

Fig. 4. DP polarograms of (I) I x lo- ’ M 0% (2) 5 x IO-’ 
M Cu(ll) and (3) Oflx Cu(Il) mixture (5 x 10 ’ M Cu(I1) 
and 3 x IO-” M Oflx): pH 7.50 (Britton Robinson buffer); 
1=0.2 M (NaNO,). 
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I I 
4 6 8 10 pH 

Fig. 5. Dependence of the Oflx-Cu(Il) complex 
current (curve 1) and E, 2 (curve 2) on pH. 

diffusion 

shown in Fig. 4. The appearance of a new peak at 
E, = - 0.29 V is due to the reduction of the 
polarographically active complex formed between 
Oflx and the Cu(II) ion. 

3.6. pH dependence of’ the Ojx-Cu(ii) ion 

The dependence of the diffusion current and 
E,,z value of the OflxPCu(II) complex on pH is 
shown in Fig. 5. The Cu(II) ion and Oflx concen- 
trations were constant: 1 x 10 ~ 4 M and 6 x 10 4 
M respectively. As can be seen, the diffusion 
current of the complex increases on going from 
pH 3.15 to 5.00, where its maximum is attained. It 
then slowly decreases until pH 7.65, where it 
becomes constant. From pH 9.10 the complex 
current decreases abruptly. A plot of E,,, vs. pH 
(from 3.15-8.60) was a straight line with a slope 
of 0.062 V, showing that two hydrogen ions were 
involved in the electrode process. The shape of the 
plot of the diffusion current vs. pH can be ex- 
plained by the presence of different ionic species 
in the solution, i.e. different complex species (the 
first from pH 3.1555.00; the second from 5.00- 
7.65 and the third from 7.6559.10). This effect is 
a consequence of different diffusion coefficients of 
the ionic species present in the solution. By loga- 
rithmic analysis of d.c. polarograms of log i; - i/i 
vs. E throughout the pH range investigated, the 
slope of the straight line of 62 mV was obtained, 
indicating a two-electron reversible electrode pro- 
cess. 

3.7. Composition and stability constunts of’ the 
complex 

The metal-to-ligand ratio in the complex was 
determined by amperometric titration of a 1 x 
10 P4 M Cu(I1) solution with Oflx (at concentra- 
tions of 1 x 10m4-8 x lop4 M) in Britton 
Robinson buffer at pH 8.30. The stoichiometric 
ratio of Oflx to Cu(I1) in the complex and the 
stability constant were determined by Lingane’s 
method [21]. By plotting the dependence of the 
peak potential difference between the complexed 
and free Cu(II) ions, AEP, against the logarithm 
of the Oflx concentration, a coordination number 
of three (JJ = 2.7) and a conditional stability con- 
stant, log fi;, were calculated from the slope and 
intercept of the straight line (Y = 0.9921). The 
average value of the stability constant from five 
titrations is presented in Table 1. The results 
obtained by applying both spectrophotometric 
and polarographic methods show that Oflx forms 
very stable complexes with Cu(I1) ions. By apply- 
ing Lingane’s polarographic method it was possi- 
ble to calculate the overall stability constant of 
the complex with the maximum coordination 
number. 

The stability constant of the Cu(II))Oflx com- 
plex at pH 4.00 was determined by Leden’s 
method [22]. Amperometric titrations of 1 x 10 4 
M Cu(I1) ion with Oflx, in the concentration 
range 4 x 1O--5P1 x 10P4 M, were done at pH 
4.00, I = 0.2 M (NaNO,). A lower pH was used to 
follow the free Cu(II) wave height, i.e. by calculat- 
ing the free metal ion concentration. Equilibrium 
concentrations of the metal, M, and complex, 
ML, were determined from the wave height of the 
free copper(I1) ion, [Cu*+], while equilibrium 
concentrations of the free ligand, [Oflx], were 
calculated from its analytical concentration and 
the concentration of the complex. According to 
Leden’s equation: 

F[&, = PI + B2mw (5) 

where F is C$,+ - [Cu’+]([Oflx] and Cs: repre- 
sents the total analytical concentration of Cu(I1) 
ion. By applying the method of least-squares or 
by plotting the dependence of Leden’s function. F 
vs. [Oflx], a straight line parallel with the x axis 



was obtained with an intercept of /J’; = 1.7 I x 10”. 
This finding suggests the formation of a I:1 
Cu(II): Oflx complex at pH 4.00. By applying the 
method of continuous variations at pH 4.00, 7.02 
and 8.30 it was clearly shown that the ratio of 
Oflx:Cu(II) was l:l, 2: 1 and 3: 1 respectively. 

Since no literature data were found on Oflx- 
Cu(I1) complexes, comparison of the results can be 
made with the stability constants of the metal 
complexes of other quinolones. i.e. lomefloxacin 
[14]. According to these authors, the stability 
constants of the three complexes of lomefloxacin 
with Cu(II) ion were established as log p, = 6.16; 
log oz = 10.96 and log /J3 = 13.41. The same au- 
thors give the stability constants for OflxxAl(II1) 
complexes as log 8, = 7.13, log pZ = 12.53 and 
log p3 = 17.87. Our experimental results show 
good agreement with literature data for ofloxacin 
Al(II1) complexes (log p,), while the stability con- 
stants of higher complexes differ, particularly the 
log lj3 values. By comparing the stability constants 
obtained with Cu(II))lomefloxacin complexes, a 
good agreement is obtained with B, and PI. while 
the stability constant /YT is higher. 

From a critical review [23] relating to the disso- 
ciation and complexation of fluoroquinolones it is 
seen that stability constants studied to date differ 
by less than two orders of magnitude. The carbon 
NMR spectrum of lomefloxacin [l l] and Al(II1) 
ion revealed that the carboxylic acid carbon and 
keto carbon signals both showed upfield shifts in 
the presence of Al(II1) ion due to the direct 
binding of the C3 and C4 oxygens of carboxylic 
and carbonyl groups to Al(II1) ion. The structure 
of the 3:l (drug:Al(III)) complex was proposed to 
consist of three drug molecules bound to the 
quinolone molecule with an octahedral geometry 
about the Al(II1) ion. 

Although there is no definite evidence in the 
literature concerning the possibility of metal ion 
coordination through the N’-piperazinyl group, 
NMR and spectral data given by Okabayashi et 
al. [14] showed little change of the piperazine 
group by addition of the Al(II1) and Mg(I1) ions 
to lomefloxacin. Since the piperazinyl group was 
protonated under the conditions of measurement 
the authors considered that the chelation of the 
ligand occurred between the carbonyl and car- 

boxy1 groups. Bearing in mind that OUI- complexa- 
tion studies were carried out over a wide pH 
range there is no doubt that the N’-piperazinyl 
group is available for complexation because at 
higher pH this atom is not protonated (at pH 8.30 
about 60% of the anionic form of ofloxacin is 
present in the solution). 

There is also clear evidence for the existence of 
three complexes formed between Oflx and Cu(I1) 
ion and good reason to suppose that the site of 
binding of the Cu(I1) ion is at the two carboxylic 
groups. This can be supported by the fact that 
two hydrogen ions were involved in the reduction 
process at the DME (results obtained by polarog- 
raphy). Taking into account the literature data, 
the experimental parameters obtained and the 
great affinity of copper(I1) ion for nitrogen it can 
be supposed that the N’-piperazine atom is in- 
volved in the complexation. The polarographic 
method applied enabled us to prove that the 
polarographic activity of Oflx itself (the reduction 
of the double bond of the azinone ring [24]) is 
distorted by the presence of Cu(I1) ion. The same 
height and position of the polarographic waves 
obtained by scanning the samples of Oflx in the 
absence and presence of Cu(I1) ion showed that 
the double bond of the azinone ring was not 
involved in coordination. Similar results were re- 
ported by Mendozza-Diaz and Pannell [25] relat- 
ing to the coordination of Cu(I1) ion with 
nalidixic acid. 

An attempt was made to use the Oflx-Cu(I1) 
complex for the analytical determination of Oflx 
by applying a spectrophotometric method at pH 
4.5, where the effects of hydrolytic processes of 
the Cu(I1) ion were minimized. 

Beer’s law was tested at pH 4.5 (I= 0.2 M). A 
linear dependence between the absorbance of the 
complex and the Oflx concentration is observed 
over the range of 18 - 180 mg ml ’ Oflx. The 
regression equation is 4’ = 2.2062 + 589.36x and 
the correlation coefficient, r = 0.9998 (n = 5) 
shows good linearity. 
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Table 2 
Spectrophotometric and polarographic determination of Oflx in Visiren tablets (200 mg) 

Method Sample (n = 6) 

Expected (mg) Found (.?. mg) Recovery (‘A/;,) RSD (‘%I) 

Spectrophotometric 200 197.18 98.59 0.072 
Polarographic 200 197.40 98.70 0.043 

3.9. Applicutiom to tublrts 

The proposed method was successfully applied 
to the assay of Oflx in Visiren tablets. The results 
obtained by the spectrophotometric method were 
compared with the results obtained by the direct 
polarographic method for the determination of 
ofloxacin previously described [26] and presented 
in Table 2. The method is simple and gives accu- 
rate and reproducible results. 
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Abstract 

Autoprotolysis constants of acetonitrile, propionitrile, nitromethane, ethylene carbonate and dimethyl sulphoxide 
were determined using a coulometric-potentiometric method with a hydrogen/palladium electrode as generator. The 
method is based on the titration of a strong base, tetrabutylammonium hydroxide, with H + ions generated by anodic 
oxidation of hydrogen dissolved in palladium. The titration was carried out in a galvanic cell with glass and calomel 
electrodes at 25°C. The pK, values for the investigated solvents are: acetonitrile. 28.8; propionitrile, 24.6: ni- 
tromethane, 23.7: ethylene carbonate. 21.5; and dimethyl sulphoxide 29.1. These data are in accordance with those 
reported in the literature. 

Keyword.~: Coulometry: H,/Pd electrode: pK,; Potentiometry 

1. Introduction 

Dipolar aprotic solvents (DAS) are widely used 
in the analytical chemistry of non-aqueous sol- 
vents. 

Dimethyl sulphoxide (DMSO) is one of the best 
solvents in the DAS group as it dissolves well 
numerous inorganic and organic substances (hy- 
drocarbons, sugar, starch, cellulose, proteins, 
polyamides and various heterocyclic compounds). 
It has a high dielectric constant (F: = 47), in the 
range 1% 189°C it is in the liquid state, and its 
autoprotolysis constant is 33.3 [l]. Since many 

* Corresponding author 

inorganic salts dissolve well in DMSO, there are 
many electrolytes which can be used for electroly- 
sis in this solvent, such as NaClO,, LiCl, NaNO,, 
NH,PF,, NH,SCN, tetraalkyl ammonium salts, 
etc. The range of working potentials in the 
cathode compartments determines the potential of 
cation reduction (tetraalkyl ammonium ions are 
reduced at - 2.8 V with respect to the saturated 
calomel electrode) [2] while the limit in the anodic 
compartments is the oxidation potential of 
DMSO. Calomel, modified calomel and some 
amalgam electrodes (Tl(Hg)/TICl [3], Li(Hg)/LiCl 
[4]) are used as reference electrodes, DMSO shows 
the characteristics of a base (pK= 0.91-I) [5] 
because it reacts with strong acids to produce the 
corresponding salts 

0039-9140/96~$15.00 0 1996 Elsevier Science B.V. All rights reserved 
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The autoprotolysis constant (pK,) is an impor- 
tant physicochemical characteristic of a solvent 
because it indicates the conditions for aciddbase 
titrations in the given solvent to a great extent. 
Therefore, interest in the determination of the 
above-mentioned characteristic of a solvent has 
been demonstrated in the literature. 

The K, value is a function of numerous parame- 
ters such as the acidity (K,) and basicity (Kb) of 
the solvent. the dielectric permeability. the polar- 
ity of molecules, etc. 

K, = II HZ\f”S = F(K,,. Kh. I. /I,. 1 

If the solvent is more ionized, the autoprotolysis 
constant and the solvation ability of the sub- 
stances dissolved by the solvent are increased, 
which causes stronger dissociation of the dis- 
solved electrolyte. The solvents with higher KS 
values have a weaker differentiating effect on the 
titration of multicomponent compounds. 

K, is one of the basic thermodynamic constants 
of solvents by which we can make a choice of the 
solvent for aciddbase titrations. The relationship 
between the autoprotolysis constant (KS) and the 
dissociation constant of the acid (or base) defined 
as the constant of titration is important when 
choosing the solvent for titration. 

Different methods for the determination of the 
autoprotolysis constant of non-aqueous solvents 
are described in the literature and the obtained 
values for particular solvents differ to a great 
extent, indicating the difficulties encountered in 
the course of the determination. 

Kreshkov et al. [6] determined potentiometri- 
tally the autoprotolysis constants of numerous 
non-aqueous solvents. 

Bykova and Petrov [7] showed that the pK, 
values of the solvents could be calculated on the 
basis of measuring the relative scale of acidity of 
the solvents (E,). According to these authors the 
determination of the relative scale of acidity of 
non-aqueous solvents by the method of measuring 
the potentials of polyneutralization of HC104 and 
R,NOH showed that the pH interval which could 
be used for acid-base titrations in many cases 
corresponded to a higher scale of acidity than 
could be calculated from K,. 

Coetze and Padmanabhan [S] determined the 
pK, value of acetonitrile by determining the disso- 
ciation constants (K;f) of 1.3-diphenylguanidine 
conductrimetrically and potentiometrically (Kd,,, , 
and obtained the value of 28.5. Similarly, using 
the stronger base tetramethylguanidine (TMG), 
Kolthoff and Chantooni [9] obtained the value of 
33.3 pK, units. 

The difference in pK, values of different sol- 
vents obtained by various authors ranges from 3 
pK, units for ethanol [lO,l l] to 16 pK, units for 
dimethyl sulphoxide [1,12]. One of the difficulties 
encountered in the determined of pK, is the im- 
possibility of producing an absolutely non- 
aqueous solvent. The presence of even the 
smallest amounts of water causes an increase an 
KS; however, there are many factors that may also 
lead to an error such as an incomplete dissocia- 
tion of the electrolytes used, the use of different 
methods for the determination of dissociation 
constants of the base and the corresponding con- 
jugated acid, the impossibility of precise measure- 
ment of diffuse-phase potentials in the cell, etc. 

The classical potentiometric method for the de- 
termination of the autoprotolysis constant is 
based on the addition of a titrant to the solution 

Table I 
Determination of the autoprotolysis constant of acetonitrde 
(k’= 40 ml, I= 5 mA, supporting electrolyte = 0.025 M tetra- 
butylammonium perchlorate. QtP = 11 640 C) 

Charge (mC) EMS (mV) E”h (mV) E,” WV) 

2400 -823 - 983.8 
3600 -820 - 984.4 
4800 -816 ~ 984.5 
6000 -810 -9x3.5 
7200 -805 ~ 984.6 
8400 - 791 - 984.7 

I.3 800 531 729.1 
15 000 544 730.8 
16200 551 729.8 
17400 558 730.9 
18 600 563 731.1 
19800 566 730.0 

Average -984.3 730.3 

PK, = 
730.3-( -984.3) 

= 28.98 
‘\c! If7 
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Table 2 
Determination of the autoprotolysis constant of DMSO (I’= 
40 ml, I = 5 mA, supporting electrolyte = 0.025 M tetrabuty- 
Iammonium perchlorate, Q,,, = I? 120 C) 

Charge EMS (mV) EP, (mV) E,” (mV) 

2400 1 I45 
3600 1141 
4800 II37 
6000 II33 
7200 1127 
8400 1120 

I5 000 -220 
16 200 - 229 
17400 -236 
18 600 -241 
19 800 - 245 
21000 - 249 

1304.5 
1303.8 
1303.8 
1304.4 
1303.9 
1304.2 

Average 1304. I 

-410.7 
-410.8 
-411.2 
-410.9 
-410.5 
-410.8 

~410.8 

PK, = 
1304.1-(~410.8)=28,99 

59.16 

(strong acid or strong base), which causes 
difficulties since a certain amount of water is 
introduced into the investigated solution together 
with the titrant. To avoid the introduction of 
water with the titrant and to simplify the proce- 
dure for the determination of the pK, of acetone 
and methylethyl ketone, in our previous work we 
determined the pK, values of these solvents by 
titration with H+ ions generated by hydrogen 
oxidation at a H,/Pd anode [13]. In this paper we 
applied the same electrode for the determination 
of the pK, values of acetonitrile, propionitrile, 
nitromethane, ethylene carbonate and dimethyl 
sulphoxide. 

2. Experimental 

2.1. Reagents 

All chemicals used were of analytical-reagent 
grade and were obtained from Merck and Fluka. 
Before use, some solvents were purified as de- 
scribed elsewhere [14]. Dimethyl sulphoxide and 
ethylene carbonate were used without previous 
purification. Tetrabutylammonium hydroxide (0.1 
M solution) was dissolved in an isopropanol- 

methanol mixture. The standardization of this 
solution was carried out by coulometric titration 
with H+ ions generated by anodic oxidation of 
hydrogen dissolved in palladium. A 0.025 M solu- 
tion of tetraethylammonium perchlorate in the 
corresponding solvent was used as the supporting 
electrolyte. 

2.2. Appuratus 

The apparatus used for coulometric-potentio- 
metric titration was described in the previous 
paper [13]. In the course of the titration the 
potential was measured by means of a Radiome- 
ter pHM-86 pH-meter with a Radiometer G202B 
glass electrode and a Radiometer K201 modified 
calomel electrode. The aqueous solution of KC1 in 
the SCE is replaced by a methanolic solution of 
KCl. Before use of the glass electrode was kept in 
the corresponding solvent for 48 h. A constant 
temperature was maintained with a U 15C ther- 
mostat (NBE: Dresden, Germany). 

2.3. Procedure 

The procedure for the determination of the pK, 
values of the investigated solvents was described 
in the previous paper. 

Table 3 
Determination of the autoprotolysis constant of propionitrile 
( L’= 40 ml, I = 5 mA, supporting electrolyte = 0.25 M tetra- 
butylammonium perchlorate. QtP = II 050 C) 

Charge EMS (mV) E; (mV) E: (mV) 

2400 830 992.5 
3600 827 993.3 
4800 822 992.8 
6000 817 993.3 
7200 810 993.3 
8400 800 992.9 
I3 800 - 264 -455.9 
I5 000 -273 -455.6 
16200 - 280 -455.8 
17400 -285 -455.4 
I8 600 ~ 290 -456.0 
19 800 ~ 294 -456.2 

Average 993.0 -455.8 

PK = 
993.0-(-455.8) = 24,49 

5916 
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Table 4 
Determination of the autoprotolysis constant of nitromethane 
( c’= 40 ml, I = 5 mA, supporting electrolyte = 0.025 M tetra- 
butylammonium perchlorate, Q,.r = 1 I 720 C) 

Charge 

2400 
3600 
4800 
6000 
7200 
8400 

13 800 
15 000 
16 200 
17400 
18 600 
19 800 

EMS (mV) EE (mv) 

669 829.6 
666 830.1 
662 830.2 
657 830. I 
651 830.2 
643 830.1 

-376 
-387 
-395 
-302 
-407 
-41 I 

Average 830.4 

PK, = 
830.4-( -575.6) 

59.16 
= 23.16 

EZ @VI 

-575.1 
~ 574.4 
~ 574.4 
~ 575.3 
~ 575.4 
~ 575.2 

- 575.6 

3. Results and discussion 

Autoprotolysis constants of the investigated 
solvents were determined by E” titration [ 15,161 in 
the following cell: 

Glass 0.025 M (C,H,),NC10,,0.002 M 
electrode 

In order to eliminate the introduction of a stan- 
dard solution of mineral acid as the titrating 
agent, the base was titrated with protons gener- 
ated by anodic oxidation of hydrogen dissolved in 
palladium in perchlorate medium. The titration 
was continued even after the equivalence point 
until twice the amount of protons required for the 
neutralization of the base was obtained. The 
e.m.f. of the cell at 25°C at a constant ionic 
strength, is given by the following equations: 

E = E; + 0.05916 log cs (1) 

E = EP, - 0.05916 log cSHZ+ (2) 

Ez and EP, are the specific cell constants for the 
basic and acidic regions respectively, and es and 
csHZ+ denote molar concentrations of the lyate 
and lyonium ions respectively. The autoprotolysis 
constant of the solvent. K, = cSH + c,-, is calcu- 

lated from the expression: 

(3) 

The value for the potential of the cell constant in 
the basic region EE (mV) is calculated from the 
relation: 

Qm-Q E;=E-59.1610g7 (4) 

where Q denotes the amount of charge used after 
the equivalence point, QEP is the amount of 
charge needed up to the equivalence point, I’ is 
the solution volume (ml) and F is Faraday’s con- 
stant (96 500 C). In a similar manner, Ez in the 
acidic region was calculated from the equation: 

Q-Q,, E; = E+ 59.16 log7 

An example of the calculation of the pK, value 
of acetonitrile on the basis of experimental data 
obtained in one titration is given in Table 1. As 
can be seen constant values of Ez and EE are 
obtained at the titration points in the basic and 
acidic regions by Eqs. (3) and (4) respectively. The 

(C&),NOH,SH Reference 
lelectrode 

Table 5 
Determination of the autoprotolysis constant of ethylene car- 
bonate (V= 40 ml, I = 5 mA, supporting electrolyte = 0.025 M 
tetrabutylammonium perchlorate. Q,.P = 12 200 C) 

Charge EMS (mV) E; (mV) -Y (mV) 

2400 690 849.3 
3600 687 849.6 
4800 683 849.5 
6000 679 850.0 
7200 613 849.6 
8400 666 849.6 

15000 ~ 230 -421.5 
16 200 ~ 240 -422.3 
17400 ~ 246 -421.5 
IS 600 -252 -422.2 
19 800 -256 -421.8 
21 000 -260 - 422.0 

Average 849.6 -421.9 

PK, = 
849.6&p421.9) = 21 49 

59.16 



Table 6 
Autoprotolysis constants of solvents (pK,) at 2X, obtained by coulometry 

Solvent Present work Literature 

Found Ref. Calcd. Ref. 

rZcetonitrile 
Propionitrile 

Nitromethane 
Ethylene carbonate 

DMSO 

28.8 i 0.6 33.3 [91 33.2 [71 
24.6 f 0. I 

23.7 kO.1 24.0 [I71 
21.5kO.4 

29.0 f 0.3 33.3 [II 31.8 [71 

constant values (EYj and I$‘) obtained in the inter- 
vals 20%80”/0 and 120”/0~180’% respectively in 
the course of titration show that tetrabutylammo- 
nium hydroxide in this solvent is a strong base 
which dissociates into S and HS+ ions. Con- 
stant values of E,” and EE obtained in a wide 
titration range in the basic and acidic regions 
respectively, may serve as a criterion for the appli- 
cation of a strong base in the determination of 
pK, using the E” titration method (Tables 2-5). 

The pK, values for the investigated non- 
aqueous solvents obtained coulometrically using a 
H,/Pd generator electrode and a 0.025 M tetra- 
butylammonium perchlorate supporting elec- 
trolyte, as well as the data found in the literature 
obtained by other experimental techniques, are 
listed in Table 6. These data show that pK, values 
obtained by the coulometriccpotentiometric 
method (E” titration) differ from those reported 
in the literature. Even the pK, values for certain 
solvents obtained by different authors differ 
widely. This can be explained by the fact that 
different authors used different experimental 
methods and therefore different conditions for the 
determination, or different calculation methods 
on the basis of the acidity scale for ‘pure’ solvents 
(the solvents without any additives). 

The pK, value is strongly influenced by the 
conditions of determination (the purity of the 
solvent, the strength of the base, the value of the 
diffuse potential, the type of electrolyte, etc.). 

The pK, values of the investigated solvents are 
somewhat lower than those reported in the litera- 
ture (obtained either experimentally or by calcula- 

tion), which can be explained by different 
conditions of investigation in the present work in 
comparison with those applied by other authors. 
The obtained pK, values are concentration con- 
stants (at a concentration of 0.025 M tetrabuty- 
lammonium perchlorate) since in the medium of 
these solvents the ionic strength of the solution 
cannot be calculated accurately. 

4. Conclusion 

Using the coulometriccpotentiometric method 
and a HJPd electrode as a source of hydrogen 
ions for the titration of a strong base, the use of 
a standard acid solution as well as the water 
present in the acid solution are avoided. Thus the 
effect of water, one of the main causes of the 
lowering of pK, values of non-aqueous solvents, is 
eliminated. In addition. the procedure for the 
determination of pK, values is simplified by the 
application of coulometry since the change of the 
volume of the solution in the course of titration is 
eliminated as well. 
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Abstract 

A solution of n-octylaniline in chloroform extracts rhenium selectively from 0.12-0.16 M nitric acid medium. 
Rhenium from the organic phase is backstripped with 5% aqueous ammonia solution and estimated spectrophotomet- 
rically with 5-chloro-2-hydroxythiobenzhydrazide (5-Cl-2-OHTBH). 5-Cl-2-OHTBH forms a blue complex with 
rhenium on heating in the acidity range 0.40P3.5 M HCI. The complex is extracted into chloroform and its 
absorbance is measured at 580 nm. The complex is stable for more than 12 h with a molar extinction coefficient of 
9.0 x 10’1 mole--’ cm-’ and a Sandell sensitivity of 0.019 pg cm ‘. 

Key~~ord.s: 5-Chloro-2-hydroxythiobenzhydrazide; Extraction separation; n-Octylaniline: Rhenium 

1. Introduction 

n-Octylaniline has been employed as an extrac- 
tant for noble metals [l-5]. It has also been applied 
successfully for the extraction separation and deter- 
mination of indium(III), gallium(III) and thalliu- 
m(II1) [6]. Other high molecular weight amines such 
as TBA [7], Adogen 464 [8], Hostarex A 327 [9] and 
Aliquat 336 [lo], and oxygenated solvents such as 
mesityl oxide [I I], acetylacetone [12]. diethyl ether 
[ 131, cyclohexanone [ 141 and ethylmethyl ketone 
[I.51 have been reported for the extraction separa- 
tion of rhenium. However, some of these methods 
require preliminary separation of molybdenum. 

The use of thiohydrazides in the spectrophoto- 

* Corresponding author 

metric determination of rhenium and platinum 
group metals has been described in a number of 
papers [ 16241. However, alcoholic solutions of 
some of these reagents need to be stored below 
15°C. The complexes of rhenium with naph- 
thalenethiocarboxhydrazide (NTH) [23] and 2- 
pyrrolethiocarboxhydrazide (PTH) [23] are not 
suitable for the calorimetric estimation of rhenium 
due to the lack of a suitable solvent while those with 
2-furanthiocarboxhydrazide [23] and 2-thio- 
phenethiocarboxhydrazide [23] are less sensitive 
and selective compared to 5-Cl-2-OHTBH. 

Although the tin( II) chloride-thiocyanate [25] is 
a well-established spectrophotometric reagent for 
rhenium, the method suffers from: (i) limited acid 
range for complexation; (ii) dependence of colour 
intensity on the chloride concentration of the 

0039-914Oj96/$15.00 G 1996 Elsevier Science B.V. All rights reserved 
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aqueous phase; (iii) occurrence of &,,, in the 
near-UV region; and (iv) difficulties in the colour 
development caused by the presence of multiple 
species in a given valence state. 

2.5. Procedure 

2.51. Extraction separation of rhenium using 
n -0ctyluniline 

Therefore, we recommend n-octylaniline as a 
selective extractant and 5-Cl-2-OHTBH as a col- 
orimetric reagent for rhenium. 

2. Experimental 

2.1. Appurutus 

A Carl Zeiss (Jena, Germany) spectrophotome- 
ter with 1 cm glass cells was used for absorbance 
measurements. 

To an aliquot of solution containing 200 pug of 
rhenium(VI1) in a 100 ml separatory funnel, suffi- 
cient nitric acid and water were added to give a 
final concentration of 0.12 M with respect to 
nitric acid in a total volume of 25 ml. The 
aqueous phase was equilibrated once with 10 ml 
of 10%) n - octylaniline solution in chloroform for 
45 s. The phases were allowed to separate, the 
metal from the organic phase was backstripped 
with two 10 ml portions of 5% aqueous ammonia 
solution and finally estimated spectrophotometri- 
tally with 5-Cl-2-OHTBH. 

2.2. Reugents 

Standard rhenium(VI1) solution was obtained 
by dissolving potassium perrhenate (JM 99.9% 
pure) in doubly-distilled water and standardised 
by the nitron method [26]. 

2.5.2. Spectrophotometric estimution of rheniunl 
\E.ith 5-Cl-2-OHTBH 

Other standard solutions of different metals 
used to study the effect of diverse ions were 
prepared by dissolving weighed quantities of their 
salts in distilled water or dilute hydrochloric acid. 
Solutions of anions were prepared by dissolving 
the respective alkali metal salts in water. All the 
chemicals used were of A.R. grade. 

2.3. Prepurution of’ reugents 

n-Octylaniline was synthesised from aniline and 
n-octanol by the method of Pohlandt [4]. 

5-Cl-2-OHTBH was synthesised according to 
the method of Jensen and Pedersen [27] and 
purified by recrystallisation from hot water by 
adding activated charcoal to obtain the colourless 
product. 

The aqueous ammonia solution containing rhe- 
nium was shaken with 5 ml of chloroform in 
order to remove traces of dissolved amine and 
then neutralised with HCl. Tin(I1) chloride solu- 
tion (1 ml, 10% in 2 M HCl) was added to reduce 
the metal, the solution was adjusted to 0.8 M HCl 
and then 5 ml of the reagent solution was added. 
It was then heated on a water bath for 30 min, 
cooled to room temperature, and the metal com- 
plex was extracted with two 10 ml portions of 
chloroform containing traces of pyridine. The 
chloroform extract was dried with anhydrous 
sodium sulphate, diluted to 25 ml with chloro- 
form and the absorbance measured at 580 nm 
against the solvent blank. 

3. Results and discussion 

3.1. Extraction separation of rhenium with 
n-octylaniline 

2.4. Reugent solutions 
3.1.1. Efjkct oj acidit,v 

10% n-octylaniline solution was prepared in The extraction of rhenium with 10 ml of 10% 
doubly-distilled chloroform. n-octylaniline in chloroform was carried out from 

A 6.0 x lop3 M solution of 5-Cl-2-OHTBH solutions in nitric, hydrobromic, hydrochloric and 
was prepared in doubly-distilled ethyl alcohol. hydroidic acid media varying in the range 0.04- 
The solution remains stable for I week. 5.0 M. 
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Table I 
Effect of diverse ions on the determination of Re(VI1) (0.200 mg) 

Diverse Amount Diverse Amount Diverse 
ion tolerated ion tolerated ion 
added (mg) added (w) added 

Mn(II) 20 Cu(I1) 1 
Hg(II) 5 Sn(I1) 5 
VW) 5 Th(IV) 5 
U(V) 5 W(VI) 5 
Ni(I1) 5 Se(IV) I 
Pd(I1) 1 Te(lV) I 
Os(VIII) I Rh(II1) 1 
Au(lI1) 1 Pt(IV) I 
MO(W) 2 Ztl(I1) 5 
Bi(VII1) 5 Pb(I1) 20 
Cd(H) 20 Ru(II1) I 
TI(II1) 5 Ti(IV) I 
M&II) 20 As(II1) 5 

Fe(II1) 
Cr(V1) 

Co(I1) 
Ce(IV) 

20 
I 

5 
5 

Ag(II) 
Zr( I V) 

Be(I1) 

The extraction was found to be quantitative 
from nitric acid (0.12-0.16 M) and hydrobromic 
acid (0.2 M), 50% from hydrochloric acid (2 M) 

w 

," 0.6 
a 
m  
cz 
0 
g 0.4 

a 

0.01 I I I I I 1 
L80 520 560 600 640 680 720 

WAVELENCTH,nm 

Fig. 1. Absorbance curves for Re-S-C-2-OHTBH complexes in 
chloroform. Re(VI1): I, 4 ppm; II. 8 ppm; III. I2 ppm; IV. I6 

ppm; V, 20 ppm. 

-1 

tolerated 

(mg) 

Ca(I1) 
Ba(I1) 
Tartrate 
Citrate 
Acetate 
Thiocyanate 
Phosphate 
Thiourea 
Oxalate 
EDTA 
Ascorbate 
Fluoride 
Hydroxyamine 
hydrochloride 

H 0 30% z 2 
(100 v/v) 

5 

5 

25 
100 
100 
100 
25 
25 

100 
100 
100 
100 
100 

2 ml 

and 0% from hydroiodic acid. In the nitric acid 
system no emulsion is formed, and hence the use 
of the nitric acid system is recommended for 
further studies. 

3.1.2. Distribution rutio as a function of 
n-octylaniline concentration 

The concentration of n-octylaniline in chloro- 
form was varied from 3- 15% over the acidity 
range 0.04-0.5 M nitric acid. It was observed that 
extraction increases with the increase in acidity of 
the aqueous solution, becomes quantitative at 
0.12-0.16 M and again decreases with a further 
increase in acidity. With 10% n-octylaniline in 
chloroform. the extraction was quantitative from 
0.1220.16 M nitric acid. There was no adverse 
effect with higher n-octylaniline concentrations. 

3.1.3. Nature of the extracted species 
The extraction mechanism may be formulated 

as shown below: 
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Table 2 
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Determination of rhenium in synthetic mixtures: results of three determinations of each sample 

Diverse elements taken 

(mk9 

Mo(VI) I, V(V) 5, 
W(V1) 5, Fe(IIl) 5 

Re(VII) added 

(P&l) 

200 

Co(lI) IO, Cr(VI) I, 
Ni(ll) 5. U(VI) 5, 
Se(IV) I, Te(IV) I, 
Pt(IV) I 

200 

Mo(V1) I. v(V) 4, 
W(VI) 5, Os(VIII) I, 
Ru(II1) I. Rh(II1) 1. 

200 

The equilibrium constant for the reaction is given 

by 

K = [RNHi+ ReOT lor,[N03 laq 
’ WX IJRNHC NO? lorg 

The distribution ratio (K,,) for rhenium is given 
by the equation 

K 
D 

= WH; ReO, lorg 
MX laq 

Therefore: 3.2.1. Absorption spectrum 

[NO, la, 
Kc = ‘h [RNH, NOT],,,, 

Taking logarithms of both sides and rearranging 
the terms, the equation at a constant concentra- 
tion of nitrate ion in the aqueous solution becomes 

log KD = x log[RNH: NO, ]<,rg 

+ (log K - WNO, -laq 
where x represents the number of amine molecules 
associated with each extracted metal atom. 

The log-log plots of distribution ratio versus 
n-octylaniline concentration at 0.04 and 0.08 M 
nitric acid concentrations gave slopes of 1.0 and 
1.1 respectively, indicating that the amine-to-metal 
ratio in the extracted species is 1: 1 and that the 
probable extracted species is RNH: ReO; . 

Extraction was found to be more than 99.9% 
complete in 30 s; therefore a 45 s shaking period 
is recommended for quantitative extraction. 

Re(VI1) found 

(Pd 

199.8 
200.0 
200.0 

200.2 
200.0 

200.0 
199.5 
200.0 

3.1.4. Effect qf’ diverse ions 
Several ions were examined for interference 

(Table 1). An error of + 1.5% in analyte recovery 
was considered tolerable. Only thiosulphate af- 
fected the extraction of rhenium. 

3.2. Spectrophotometric estimution of rhenium 
with 5-Cl-2-OHTBH 

The absorption spectrum of the rhenium-5-ClL 
2-OHTBH complex showed a maximum at 580 
nm (Fig. 1). The reagent blank under similar 
conditions showed no absorption over the entire 
wavelength range. 

3.2.2. Optimal conditions und spectral properties 
The variation of the acidity of the aqueous 

phase revealed that the complex formation re- 
mained maximal and constant over the acidity 
range 0.40-3.5 M HCl. Different solvents were 
studied for extraction. Benzene, MIBK and chlo- 
roform were found to be good extractants; how- 
ever, in benzene the complex is less stable and with 
MIBK it becomes turbid. Hence chloroform is 
recommended for extraction. 

Under optimum conditions Beer’s law is obeyed 
over the range I- 17 /~g Re ml ’ and an apparent 
molar absorptivity of 9.0 x 10’ 1 mole-’ cm-’ was 
obtained. 
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Analysis of alloy steels: results of triplicate analysis 

Type of Composition of alloy 
alloy (‘h) 

Re(VII) 
added (jig) 

Re(VII) 
found (11g) 

33b C 2.24. Si 2. 
P 0.1 I. M I, 0.64, 
Cr 0.61 MO 0.40 

33d V 2.30. Si I .63. 
P 0.026, Mn 0.63 
Cr 0.52 MO 0.48. 

320 c 0.72 Si 0.02. 
P 0.019, s 0.009, 
Sb 0.003. M 0 0.22. 
Al 0.013. As 0.03 I. 
Al 0.03. AS 0.03 I 1 
Ti 0.02 I V 0.004 

Tables 2 and 3 show the results for analysis of 
synthetic mixtures and alloy steel samples contain- 
ing added rhenium. 

Three samples of alloy steel (Nos. 33b, 33d and 
320 from The Bureau of Analysed Samples Ltd., 
UK) were analysed separately. 

A known weight (1 g) of alloy steel was dissolved 
in a mixture of 9 ml of concentrated sulphuric acid 
and 50 ml of water. After the initial reaction was 
over the solution was heated with 5 ml portions of 
nitric acid until white fumes were observed, boiled 
to dissolve soluble matter, filtered to remove silica 
and diluted to 100 ml with distilled water. An 
aliquot of this solution was analysed by the recom- 
mended procedure. 
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Abstract 

In this paper, we introduce laser desorption X-ray ionization for producing ions from the previously undetected 
neutral species present during laser desorption mass spectrometry. Studies involving the laser desorption of simple 
sugars were conducted to illustrate the differences between spectra with and without the X-ray source. Ionization was 
made possible by placing a 200 mCi Am X-ray source directly into the ionization chamber of a time-of-flight mass 
spectrometer. 

Kq~ords: Fragmentation: Laser desorption mass spectrometry; Sugars; X-ray ionization 

1. Introduction 

Numerous methods are known for producing 
ions from neutral molecules in all states of matter. 
The ion production process can be accomplished 
through the use of electrons, ions, photons, fission 
fragments, and electric fields. Until now, ionizing 
radiation in the form of X-rays has been mostly 
overlooked as a possible method for producing 
ions within a mass spectrometer. 

Laser desorption/ionization (LDI) (I] is com- 
monly employed in the analysis of solid materials 
because it is a soft ionization technique, capable 
of producing molecular ions for most analytes. 

* Corresponding author. 
’ Present address: University of Dayton Research Institute. 

300 College Park, Dayton. OH 45469-0131. USA. 

Work by Karas et al. [2] has extended the useful- 
ness of LDI by making it applicable to very high 
molecular weight compounds through the use of 
absorbing matrices. From its inception, however, 
it has been known that the laser desorption pro- 
cess produces gas-phase neutrals as well as ions. 
[1] Studies have shown not only that neutrals are 
produced during laser desorption. but that these 
neutrals may be produced in greater abundance, 
and for a longer period of time, than the ions. [3] 
Cotter [4] showed that neutrals may be emitted 
for as long as 10 ms after the cessation of the laser 
pulse. 

Vertes et al. [5] have provided hydrodynamic 
models to explain the temperature, density and 
velocity distributions of laser plumes with time. 
Their models illustrate that the plume density is 
greatest directly above the target at the end of 

0039-9140/96/$15.00 0 1996 Elsevicr Science B.V. All rights reserved 
PI1 SOO39-9140(96)02002-4 
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laser irradiation. Later, after the cessation of the 
laser pulse, the desorbed packet begins to expand 
and drift away from the target surface. 

Due to the large abundance of neutrals, and the 
extended time frame available. new methods have 
been introduced for post-desorption ionization of 
neutral-species [3,4,6-81. One of these methods. 
multi-photon ionization (MPI), involves the use 
of two distinct laser beams. These beams may be 
produced by separate lasers [8], or by splitting the 
output of a single laser [7]. MPl may be used 
either non-selectively. or as a selective tool for 
ionizing specific molecules [9]. The literature indi- 
cates that non-resonant (non-selective) ionization 
requires a high photon energy due to its ineffi- 
ciency. One can then conclude that X-ray sources. 
due to their energetic nature, are ideally suited to 
fulfill this need. Several studies [lo- 121 have pre- 
viously shown that soft X-rays produced by syn- 
chrotron sources can be used in combination with 
mass spectrometry. The use of natural sources, 
however, has largely been avoided due to safety, 
and other, concerns. With careful adherence to 
safety precautions, natural X-ray sources can be 
useful for mass spectrometric applications. 

A typical radioactive X-ray source is capable of 
providing a high flux of X-rays at energies from 
approximately 3 to 30 keV. X-ray tubes have the 
added benefits of higher photon flux, user control 
of the wavelength at which the X-rays are emit- 
ted, and better shielding. The interaction of X- 
rays with gaseous materials has been previously 
exploited in the production of gas-filled detectors 
[13]. Veigele [14] and others have shown that the 
absorption cross-section for X-rays decreases as 
the photon energy increases. Evidence also indi- 
cates that the photoionization cross-section makes 
up a large percentage of the total cross-section at 
low photon energies. 

Lasers have been used almost exclusively for 
producing the photons necessary for non-resonant 
MPI. In this paper, however, we introduce the use 
of X-rays for non-resonant ionization of neutral 
molecules produced in the laser desorption of 
sugar molecules. In addition, we have included 
evidence of ion production in a stream of aniline 
gas using only 241 Am X-rays as the ionization 
source. Although there are many possible expla- 

nations to describe the interactions between X- 
rays and gas-phase species, some of these 
explanations are more plausible than others. A 
few of these will be proposed. and their appli- 
cability and limitations discussed. 

2. Experimental 

2.1. Instrumentul 

The third harmonic frequency (355 nm) of a 
pulsed Nd:YAG laser (Spectra-Physics GCR-3, 
Mountain View. CA) was employed for desorp- 
tion of sugar samples. Laser output was attenu- 
ated using neutral density filters in order to 
provide a suitable signal for analysis. The linear 
time-of-flight (TOF) mass analyzer was designed 
and built at the University of Kentucky; it con- 
sists of a 1.3 m flight tube typically held at 
5 x 10mh Torr. The repeller voltage was main- 
tained at 2.5 kV and the microchannel plate detec- 
tor (Chevron Assembly, Model 3025, Galileo 
Electra-Optics Corp., Sturbridge, MA) was biased 
at -2.0 kV. The signal was digitized using a 
Lecroy 8013A digitizer (Lecroy, Chesnut Ridge, 
NY) and transferred to an IBM-PC by software 
written with Asyst 3.0 (Asyst Software Technolo- 
gies. Rochester, NY). Ten individual spectra were 
co-added in order to obtain the desired profiles. A 
200 PCi “’ Am source was placed into a Delrin 
sheath which was attached directly to a blank 
vacuum flange. This X-ray source holder could 
then be easily inserted in, or removed from, the 
ionization chamber through an unused arm of a 
six-way cross. The orientation of the Am source 
with respect to the sample surface is illustrated in 
Fig. 1. For these experiments, the extraction plate 
and lens openings were 0.125 in. Care was taken 
to place the X-ray source as close as possible 
(approximately 0.40 in) to the sample surface’to 
provide the maximum solid angle overlap of the 
X-rays with the dense laser plume that is present 
directly following the cessation of the laser pulse 
[5]. Data collection was initiated by the laser pulse 
to allow ions produced both from the laser pulse, 
and from the interaction of X-rays and neutrals, 
to be detected simultaneously. 
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Aniline profiles were collected using a magnetic 
mirror ion trap placed inside the ionization cham- 
ber of the TOF. Rare earth cobalt magnets (0.8 T, 
Edmund Scientific) replaced the extraction plate 
and electrostatic lenses shown in Fig. 1. The 
repeller was pulsed at 2.4 kV. Approximately 
1 x lops Torr of aniline was leaked directly into 
the trapping region. The X-ray source was placed 
perpendicular to the magnetic trap. 

It is important to note that a radioactive source 
was used in these experiments, and that care must 
be taken when using an X-ray source of this type. 
The 24’Am source was placed in a lead-lined 
canister when not in use and covered with a lead 
foil. It is also suggested that the operator monitor 
his or her dosage regularly using radiation film 
badges. Additionally, proper authorization and 
certification must be obtained when using certain 
radioactive sources. 

2.2. surrlples 

Saturated solutions of glucose and sucrose (un- 
purified) were prepared in deionized water. 
Aliquots of these solutions were placed on dry 
stainless-steel substrates (~0.3 mm thick), and the 
solutions were allowed to dry. The substrates were 
then affixed to the center of the repeller plate. 
Aniline (Baker) was distilled prior to use. 

TO MASS 
ANALYZER 

LASER BEAM 
(355 nm) 

Fig. I. Three-dimensional view of the ionization chamber used 
in LD-XRI. Note that the desorption beam and “‘Am source 
are perpendicular to the direction of ion travel. and that the 
X-ray source is placed as close as possible to the sample 
surface. 

Table I 
Photons emitted from ‘“‘Am source 

Energy(keV) Intensity(%) 

59.5 36 
26.3 2.4 
20.8 4.9 
17.8 20 
13.9” 13.3 

il lCot observed with our source. 

Assignment 

i 
., 

t 
bl 
L 

3. Results and discussion 

3. I. X-my flux 

The energies of the photons emitted from the 
source used for this set of experiments are given in 
Table 1. Not all of the photons emitted from the 
24’Am source are within the useful region for 
ionization of carbon as described by Veigele [14]. 
It is important to note that the photons which 
have higher energies may also be absorbed by the 
laser generated plume; however, the probability of 
such interactions is less than for the lower energy 
X-ray photons. We determined, using experimen- 
tal parameters, that approximately 1450 X-ray 
photons will be emitted from the 200 mCi source 
during the 195 ns residence time of ions in the 
ionization region (based on m,/~144). By approxi- 
mating the interaction volume as that contained 
within the column defined by the repeller and the 
extraction orifice we calculated that approxi- 
mately 25 photons can be expected to pass 
through the interaction region during the time 
that the laser plume is in residence. The number 
of photons which would react with the plume was 
determined using the equation (N,/N,, = rP/“), 
where N,/N, is the number of photons which will 
pass through the plume without interaction, and ,D 
and x describe the interaction cross-section and 
the sample depth respectively. 

From these calculations, it is apparent that an 
average of 4% of the X-ray photons will interact 
with the laser plume. By adding the resultant 
spectra from several events it is possible to obtain 
the profiles given in Figs. 2 and 3. Although 
several series of samples were analyzed and the 
results found to be reproducible, only representa- 
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Fig. 2. (A) Laser desorption TOF profile of glucose. (B) Laser desorption X-ray ionization profile of glucose: 355 nm desorption 
beam 

tive spectra are included. Additionally, as ex- 
plained below, the primary interaction of a single 
photon results in a large number of secondary 
interactions and collisions which multiply the ef- 
fect of the initial event. 

3.2. Luser dcsorption tnass spectrometry of 
SllgWS 

Laser desorption profiles of glucose both with 
and without the presence of the X-ray source in 
the ionization chamber are displayed in Fig. 2. 
The base peak in Fig. 2A (n?/~ 145) is a dehydra- 
tion product of the levoglucosan fragment. No- 
ticeably absent are ions with nz/z > 145. In the 
laser desorption X-ray ionization (LD-XRI) 
profile given in Fig. 2B, the molecular ion is 
present with a signal-to-noise ratio (S/N) of ap- 
proximately 10. Peak broadening (30 ns at rn,/~ 
149, clearly visible when comparing Figs 2A and 
2B, is most probably due to the lateral distribu- 
tion of the X-ray-produced ions at the time of 

ionization by the X-ray photons. As the lateral 
distribution of ions, with respect to the ion re- 
peller, increases the kinetic energy, distribution of 
ions with the same mass-to-charge ratio will also 
increase. Although the intensity of the molecular 
ion is only a small fraction of that of the base 
peak, opportunities exist for improving the 
amount of interaction and thus the intensities of 
desired ions, by using instrumental X-ray sources. 

Similar spectra for the laser desorption of su- 
crose appear in Fig. 3. Note, again, the increase in 
peak width in the LD-XRI profiles, which indi- 
cates that neutral/photon interactions are occur- 
ring. Also important to note is the strong presence 
of ions at mix > 160 in the LD-XRI profile. The 
molecular ion, in this profile, is of relatively high 
intensity compared with the corresponding glu- 
cose profile. The base peak in Fig. 3A (W/Z 131) is 
most likely due to a simple cleavage reaction 
leaving the six-membered ring and its proton and 
hydroxyl substituents. Due to the structure of this 
compound and the repetitiveness of its sub- 
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Fig. 3. (A) Laser desorption TOF profile of sucrose. (B) Laser desorption X-ray ionization profile of sucrose: 355 nm desorption 
beam 

stituents. it is difficult to assign specific fragmen- 
tation pathways leading to the base peak. Because 
the same sample is used in Figs. 3A and 3B 
without removal from the ion source, it is surpris- 
ing that the peak at this mass-to-charge ratio is 
weaker in Fig. 3B relative to the rest of the 
spectrum. This fact may point to selective ioniza- 
tion or fragmentation, during desorption or X-ray 
ionization, or to the presence of mechanisms 
which are not clearly evident from the informa- 
tion obtained in these experiments. 

LDI experiments were conducted prior to the 
introduction of the 24’Am source, and after it had 
been removed from the ionization chamber. so 
that X-ray/solid interactions could be ruled out as 
a possible explanation for the observed effects. 

3.3. Production of aniline ions in N mugnetic ion 
trap 

While conducting experiments using a mag- 

netic mirror ion trap, we observed that the 
presence of the X-ray source in the ionization 
chamber of our mass spectrometer causes ion 
formation in gas-phase neutrals. It is important 
to note that ions were only visible, above the 
background, when the magnetic mirror was in 
place. This indicates that the high plume den- 
sity present during laser desorption is a neces- 
sary condition for creating a useful ion signal. 
The ion storage property of the magnetic mir- 
ror allows the signal to be enhanced; however, 
the resolution is substantially degraded with re- 
spect to the LD-XRI profiles. These experi- 
ments also indicate that even at high pressure 
the background signal caused by the continuous 
X-ray source is not intense enough to cause sig- 

nificant changes in the background profile. For 
this reason, ionization events which occur after 
the passage of the laser plume will not cause 
spurious peaks in the mass profile or signifi- 
cantly affect peak shape. 
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The major difficulty in determining the method 
of interaction between the X-rays and the gas- 
phase neutrals, in the TOF ionization chamber, is 
the high energy of the incident ionizing photons. 
Typical lasers used for ionization are the vacuum 
ultraviolet (VUV), ultraviolet (UV), or visible 
ranges, which encompass the region of the electro- 
magnetic spectrum from 10P800 nm (13062 eV). 
X-rays emitted from the 241 Am source have a 
minimum energy of 13.9 keV. Electrons at 70 eV 
are commonly used for electron impact ionization 
are considered a “hard” ionization source. LD 
XRI, as developed in this laboratory, exhibits soft 
ionization characteristics even though the ionizing 
radiation has several orders of magnitude more 
energy to transfer during a collision. It is our 
belief that this occurs via a multiple-step mecha- 
nism whereby the products of direct collision are 
involved in secondary collisions which produce 
the ions visible in the TOF profile. This mecha- 
nism is supported by ion counting calculations 
made by determining the current collected from 
the micro-channel plate detector. These calcula- 
tions indicate that the highest number of primary 
collisions possible in the given time frame cannot 
account for the total number of ions which are 
being detected. In order to understand the pro- 
cesses which we believe are making up the total 
X-ray/neutral interaction mechanism, it is useful 
to treat direct and indirect processes separately. 

3.4.1. Direct interaction 
Models suggest that as the time following the 

cessation of the laser pulse and the distance above 
the target surface approach zero, the density of 
the laser-induced plume approaches that of the 
condensed phase [5]. Although it is not possible to 
claim that all of the collisions occur within these 
time and space boundaries, we can understand 
some of the collision processes better by using 
these constraints. A typical X-ray detector may be 
effective as a model for these interactions. As the 
X-ray passes through a gas-filled detector, interac- 
tions with the detector gas produce a large num- 
ber of ion-electron pairs. Following the initial 
collision, a photoelectron is emitted with a kinetic 

energy equal to the energy of the photon minus 
the binding energy. If this primary collision is the 
only process which is occurring, the ions pro- 
duced would then be repelled down the flight tube 
and detected by the microchannel plate. In a 
similar manner, ions may be produced which can 
be detected using TOF mass spectrometry. Spec- 
tra caused by direct interaction only would have 
low signal-to-noise ratios and would contain a 
large number of low molecular weight fragments 
of poor resolution. These fragments would result 
from vibrational dissociation of the primary ions, 
and could be produced throughout the ionization 
region and flight tube. 

3.42. Indirect ionization by energetic jkgments 
und secondary electrons 

In the previous section, we considered only 
those interactions caused by direct collision with 
an X-ray photon. We may also assume that the 
products of primary collisions sufficient energy to 
ionize and/or fragment addition gaseous neutrals. 
As described in the previous section, a photoelec- 
tron may be emitted from the primary collision. 
This photon would have less energy the the pri- 
mary photon, and therefore have a higher colli- 
sion cross-section than its predecessor. Through 
additional collisions, the energy of the photon 
would decrease. The outcome would be similar to 
the Townsend Cascade which is the basis for 
gasfilled radiation detectors (see Ref. [13]) 

In addition to the photoelectrons which may be 
formed during X-ray neutral interaction, frag- 
ments formed due to vibrational excitation may 
be sufficiently energetic to cause secondary reac- 
tions. These fragments would have higher cross 
sections and lower kinetic energies than the pho- 
toelectrons and could be the source of the soft 
ionization processes which are observed. 

Clearly, additional studies are necessary to de- 
termine what role each of the proposed mecha- 
nisms plays in the overall reaction mechanism. 
High sensitivity, and MS/MS, measurements may 
shed light on how each of the pathways con- 
tributes to cause the changes observed in the 
spectra. Additional work in this area is presently 
being conducted on these and other classes of 
compounds. 



4. Conclusions 

The use of X-rays as a supplemental ioniza- 
tion source for laser desorption mass spec- 
trometry has been illustrated. For this study, 
a natural (radioactive) X-ray source was 
employed. The presence of molecular ion peaks 
in the LD-XRI spectra, which were not present 
in the LDI spectra, indicates that LD-XRI 
has the characteristics of a soft ionization 
source; however, the ionization mechanism is 
not clear. 
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